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1. Introduction

In High Energy Physics the existence and properties of fundamental particles together with their
interactions are studied. Although the realm developed from the simple models of the Greek
philosophers to the complex theories and models of today, the basic questions remained the
same: what is the origin of matter and which are the fundamental building blocks? What are
the forces between them? The Standard Model of Particle Physics merges the modern theories
of electroweak and strong interaction. It knows three classes of particles: leptons (with the best
known being the electron), quarks (the components of atomic nuclei) and the gauge bosons (the
force carriers). Additionally, the yet not observed Higgs boson is predicted by the model.

The top quark is the most recently discovered quark. It was predicted by the electroweak
theory as the isospin partner of the bottom quark. Electron-positron and hadron colliders had
searched for it over many years when it was finally discovered by the CDF and D@ Collaborations
in 1995. With the data set it was also possible to measure its mass to be around 175 GeV/c?
which makes the top quark about two orders of magnitude heavier than all other quarks (for
comparison, the next lighter quark is the bottom quark with a mass of roughly 5 GeV/c?).
This large mass leads to many interesting features like the short lifetime of the top quark and
spin-correlations between top and antitop in pair production. In the Run II of the Tevatron
these properties can be studied in more detail. In case of the mass it is not only important to
cross-check the Standard Model but also to make predictions on the mass of the Higgs boson.
This is done by performing electroweak fits to the data collected.

In this thesis a measurement of the top quark mass is presented using a technique developed
during the Run I (the so called Matrix Element Method). It has been shown that the statistical
power of the method exceeds the alternative approaches by a few GeV/c?. The method makes
maximal use of the kinematic information measured in the detector as well as a certain assump-
tion on the Standard Model production and decay model (i.e. the matrix element, which gives
the method its name).

At the Tevatron, protons and antiprotons are accelerated and collide at a center-of-mass
energy of /s = 1.96 TeV. The top quark is dominantly produced in top-antitop-pairs and
decays almost to 100% into a W boson and a b-quark. Since the W can decay leptonically
or hadronically three channels are possible for the tt-pair: the di-lepton channel, the lepton +
jets channel and the all-jets channel. In the present analysis the measurement is done in the
e + jets and p + jets channels. Figure (1.1) shows the production and decay chain. The final
state objects, observed in the detector, are 4 jets, which are the hadronized final-states of the
partons involved, a lepton (in this case either an electron or a muon) and missing transverse
energy. The latter accounts for the fact that the neutrino from the leptonic W decay is not
observed in the detector due to its weak interaction. From momentum balance the transverse
energy of the neutrino can be calculated.
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Figure 1.1.: Production and decay chain of ¢t events. The top-antitop-pair is produced in
proton-antiproton collisions. Both top quarks decay instantaneously into a W boson and a
bottom quark. In the lepton + jets channel one W decays into a lepton pair (here an electron
and the corresponding electron neutrino) and the other W into hadrons, i.e. a (mostly light
flavored) quark-antiquark pair.

This thesis is structured in the following way. Chapter 2 decribes the physics processes
with an emphasis on the top quark. Chapter 3 gives an overview on the Tevatron and the D@
detector. The main subcomponents are explained with references to the literature. A general
introduction to the matrix element method is given in Chapter 4 with an application to the
mass measurement. The calculations and specific processes involved are discussed in Chapter
5. An important ingredient of the method is the concept of transfer functions. Those account
for the energy resolution and are derived in Chapter 6. Tests with Monte Carlo events and an
application to data are presented in Chapter 7 with systematic studies in Chapter 8. After the
conclusion and outlook in Chapter 9, a jet study is presented in Chapter 10. There, a merging
algorithm for track and calorimeter jets is introduced in order to increase the quantity of selected
events and study the effect on the quality of jets. The appendix summarizes technical details
on the integrations performed in Chapter 4 and 5 and shows excerpts from the data to Monte
Carlo comparison.




2. Physics

In the following the framework of the present analysis - the Standard Model - is introduced. The
physics of the top quark, i.e. its production and decay processes and its properties, is explained
in order to put the work into the right context.

2.1. The Standard Model

The Standard Model of Elementary Particle Physics combines the electromagnetic and weak
(or electroweak) interactions with the strong interaction. Both are described by quantum field
theories, namely the QED, QFD and QCD. Together with the mediators of forces (Table (2.1)),
three families of quarks and leptons are known in this model. On the quarks side, these are the
up (u), down(d), charm (c), strange (s), bottom (b) and top (t) quark, where the latter one is
the most recently discovered and subject of this thesis. The leptons, electron (e), muon (x) and
tau (7), come together with their almost massless partners, the neutrinos (7). Additionally,
the Standard Model predicts the Higgs boson which has not been observed yet, but is held
responsible for the masses of the fermions and the gauge bosons.

i () ) (0
v (2) () )

Due to fundamental concepts of the underlying gauge theories, all particles come along with
their antiparticles, the most famous one being the positron - the antiparticle of the electron. In

QCD, quarks do not only carry electric charge but also an abstract “color” charge which can be
called red, green or blue.

Force Relative Strength | Gauge Boson Theory
Strong 1 8 gluons QCD
Electromagnetic 1072 ¥ QED
Weak 10— W, 70 QFD
Gravitation <107%0 Gravitons Gen. Theory of Relativity

Table 2.1.: Forces with their corresponding mediators. The gravitational force is not included
in the Standard Model but listed for completeness.

These particles can be claimed to be “elementary” since all matter or composite particles
are made up of them. In order to gain further knowledge in the field of elementary particles
it is therefore important to study the properties of quarks and leptons together with their
interactions.
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2.2. Top Quark Physics

The top quark is the most recently discovered quark. As the weak isospin partner of the bottom
quark it is predicted by the Standard Model and was discovered in 1995 by the CDF and DO®
collaborations. The large mass of the top quark leads to interesting properties, for example its
short lifetime of about 0.5- 10724 s (and therefore the inability to form bound states as ttor tb).
and the spin correlation between the produced top and antitop. From a precision measurement
of the top quark mass a prediction on the Higgs boson mass due to electroweak fits can be
made. In the following, the production and decay processes of the top quark are introduced
together with a short overview on its properties. Finally, the contributing background processes
are discussed.

2.2.1. Strong Top Quark Production

At the Tevatron the top quark is dominantly produced via the strong interaction. Two subpro-
cesses contribute to the production of ¢ pairs. At a center-of-mass energy of /s = 1.8 TeV
(v/s =1.96 TeV) in the Run I (Run II) the quark-antiquark annihilation accounts for approxi-
matly 90% (85%), the gluon-gluon-fusion for roughly 10% (15%). Figure (2.1) shows the leading
order Feynman diagrams corresponding to the contributing processes.

q t

L]
~

g t 9 t 9 t
K K
g t 9 t 9 t
Figure 2.1.: Leading order Feynman diagrams for the ¢{-pair production at the Tevatron. Top:
Quark-antiquark annihilation (85%). Bottom: Gluon-gluon-fusion (15%).

The total cross section for the production of #¢ pairs measured at CDF and D@ in the Run II
of the Tevatron is consistent with the predictions from QCD calculations. In the Run IT of the
Tevatron it is preliminary measured to be [1]

oy = 4.1 —28.7 pb (CDF preliminary),
oy = 7.20 pb (lepton + jets, DO preliminary).
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The cross section of ¢t production depends on the center-of-mass energy. This can be explained
by the parton modell of the proton, in which the proton is composed of partons: quarks, anti-
quarks and gluons. In proton-antiproton collider experiments, single partons from each (anti-)
proton interact! as demonstrated in Figure (2.2).

P, — t
X1Pq
0606001
X2P2 -
P, —— t

Figure 2.2.: Parton model of the proton: the proton is composed of quarks, antiquarks and
gluons. The interacting partons only carry a fraction of the initial proton momentum.

The momenta carried by the two partons are only fractions (z; and z2) of the initial
(anti-)proton momenta. Assuming 4-momenta of p; and py for proton and antiproton respec-
tively, the parton momenta are z1p; and xope. The center-of-mass energy for the hard scattering
process is therefore

8= (z1p1 + 2p2)? = 2 - T1T2P1P2 = T1T2 - 8, (2.1)

where the masses of the inital quarks are neglected. From energy- and momentum-conservation
it follows that in order to produce top-antitop pairs, the center-of-mass energy has to be larger
than twice the top quark mass. Assuming, for the sake of the argument, the fractions of proton
momenta to be equal on average (z1 &~ zo = z) the following relation holds:

w~2'mt0p
\/E .

Assuming a top quark mass of 175 GeV /c? the fraction of proton momentum required to produce
a tt pair is approximatly z = 0.18 at the Tevatron (Run II). From the parton distribution
functions (PDFs) it can be derived that the probability z f (x)dz for a parton to carry a fraction
of momentum between z and z+dz increases with lower momentum fractions. From Figure (2.3),
which shows the CTEQ5D parton distribution function [2] at Q? = m%op and Q? = 400 GeV?,
it can also be concluded that the fraction of quark-antiquark-annihilation in the production
process decreases with increasing center-of-mass energy. Figure (2.4) shows one of the most
recent calculations of the t#-pair production cross section in NNLO [3] (again assuming a top
quark mass of 175 GeV/c?). The measured cross sections from CDF and D@ are fully consistent
with the prediction.

(2.2)

lalso, so called “multi parton interactions” occour in which partons can interact with other partons from the
remnant of a prior scattering process leading to so called “underlying events”. Those are not taken into
account for the calculation presented
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Figure 2.3.: CTEQSD parton distribution functions at Q* = mZ,, (left) and Q* = 400 GeV?
(right).
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Figure 2.4.: NNLO calculation of the strong ¢t-pair production cross section.
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2.2.2. Weak Top Quark Production

Similiar to all other fermions, the top quark also interacts via the (V-A) charged-current weak
interaction. This implies additional production processes which are shown in Figure (2.5). The
cross section for these processes is predicted to be smaller than the strong production but on
the same order of magnitude. So far, only limits have been obtained from the CDF and DO
experiments due to the forward topology of the events and the large amount of background. The
limits are still weaker than the Standard Model prediction by more than an order of magnitude.
The DO experiment preliminary measures these limits to

t — channel : o(gb — gt) < 15 pb (95% CL) (0theory = 2.12 £ 0.24 pb)
s — channel : 6(¢qq — tq) < 16 pb (95% CL) (0¢heory = 0.88 & 0.06 pb)

The t-channel calculation is NLO and can be found in [4], whereas the s-channel cross section
is NNLO and taken from [5, 6].

t q

g
q 2299990595,

q

Figure 2.5.: Weak top quark production processes. Left: s-channel. Middle: t-channel.
Right: associate production with a W.

2.2.3. Decay Channels

The top quark decays predominantly into a W boson and a b quark (BR = 100% as predicted
from the Standard Model due to |Vjp| ~ 1). The subsequent decays of both W bosons (the top
quark is dominantly produced in pairs which will be assumed exclusively throughout the analysis)
characterizes the signature of the event. The W can decay into a pair of leptons (a charged
electron (BR = (10.72+0.16)%), muon (BR = (10.57 £0.22)%) or tau (BR = (10.74 +0.27)%),
together with the corresponding neutrino) or into hadrons (BR = (67.96 + 0.35)%), i.e. a pair
of quarks. The branching ratios, as presently listed in [7], are stated in brackets. Three decay
channels are therefore distinguished: the di-lepton channel, where both W’s decay leptonically,
the lepton + jets channel, in which one W decays leptonically, the other hadronically and the
all-jets channel with both W’s decaying into hadrons. The branching ratios are visualized in the
pie chart shown in Figure (2.6).

Due to the large mass of the top quark its lifetime is rather short: 7 ~ 0.5 -1072* s.
Therefore, it decays before hadronization is possible (the hadronization time scale is of the
order of £(10°23 s)) leading to the fact that bound ¢f states cannot be formed. A detection of
the top quark is only possible via its decay products.

This analysis is focussed on the lepton + jets channel (excluding the 7 + jets channel). The
fractions of events in the e + jets and p + jets channels can be calculated from the branching
ratios of the W boson, where in this calculation the fraction the 7’s decaying into the corre-
sponding lepton are included:
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B e-e (1/81)

B mu-mu (1/81)
[ tau-tau (1/81)
W e -mu (2/81)

Hl e -tau (2/81)

W mu-tau (2/81)
[0 e+jets (12/81)

Il mu+jets (12/81)
B tau+jets (12/81)

[0 jets (36/81)

Figure 2.6.: Pie chart of the ¢t decay channels. The most probable is the all-jets channel,
the di-lepton channels are rather rare. The numbers quoted are leading order and have to be
corrected by higher order contributions.

BR(tt — | + jets) = BR(tt - WWbb — ly;bbgq')
= (BR(t = Wb))?-2-BR(W — ¢¢') -
(BR(W — ly)) + BR(IW — 7v;) - BR(T = lyv,)).

Inserting the numbers for electrons and muons one obtains

BR(tt — e+ jets) = (17.10+0.24)%,
BR(H — 1 + jets) — (16.83 +0.32)%.

The branching ratios are summarized in Table (2.2.3).

Process Branching ratio
t— Wb ~ 0.998
W — ev 10.72 £ 0.16

( )%
W — uv (10.57 +£ 0.22)%
W — 1v (10.74 £ 0.27)%
W — hadrons | (67.96 + 0.35)%
( )%
( )%

T — evv

17.84 £ 0.06
17.37 £ 0.06

T — prv

Table 2.2.: Branching ratios used for the calculation of the branching rations for the electron
and muon channel. The numbers are taken from [7].
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2.2.4. Top Quark Properties
Since the top quark is the latest one observed, its properties are yet almost unexplored. The

fact that the top quark has such a heavy mass gives rise to many interesting features.

Mass, EW Fits The mass of the top quark is by far the largest of all fundamental particles.
It is about the mass of a gold atom and has been measured to be [§]

Miop = (178.0 £ 4.3) GeV/c?.

From a precision measurement of the top quark mass it is possible to make predictions for the
(not yet discovered) Higgs boson mass. In the electroweak theory, the W boson mass can be
calculated on tree-level:

4o
M2 = MZ|1+ /1
g’
\/iGF 2 MI%V
= , =1-—=, 2.3
3%/[/ Sw M% (2.3)

where the fine-structure constant «, the Fermi coupling constant Gr and the mass of the Z
boson My are known to high precision [7]. Taking into account loop corrections the formula for
the W boson mass has to be divided by a factor (1 — Ar), where two contributions include the
top and the Higgs mass respectively:

2
3 Gr Miop

A S T top 2.4

(Ar)op 8 8v/272 tan Oy 24)
11 GFM% cos Oy m%

(A’I")Hz'ggs 38\/_—27(2 . IIM—% (2.5)

As can be seen from Equations (2.4) and (2.5), the top mass enters the calculation of the W mass
quadratically, the Higgs mass only logarithmically. These two contributions can be used in order
to estimate the Higgs mass in case the W and top mass are measured precisely. Figure (2.7) shows
the confidence level contours of a fit of the Standard Model to data as a function of the top quark
and W boson masses. The solid line is the 1 sigma contour. Also shown in this figure are lines
of constant Higgs masses. The shaded region is allowed by the Standard Model, experimentally
accessible and not yet experimentally excluded. A lower limit of 114.4 GeV/c? was calculated
from the LEP data, whereas the upper limit comes from Standard Model constraints. In the
Run II of the Tevatron a measurement of the W mass with an uncertainty of 20 MeV/c? is
expected. In order to make full use of the measurement a 3 GeV/c? error on the top mass is
required.

Historically, these calculations have been used to estimate the mass of the top quark before
its discovery. Figure (2.8) shows the x? of the electroweak fit as a function of the top quark
mass for different Higgs mass settings. The development of the top mass estimate with time is
shown in Figure (2.9), including the direct measurements from CDF and DQ.
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Figure 2.7.: Electroweak fit to the data from LEP, SLD and the Tevatron [9], the solid ellipse
is the 1 o prediction limit. An increase of precision in the measurement of the W boson mass to
20 MeV/c? translates into a precision of 3 GeV/c? in the measurement of the top quark mass.

10 T T T T T

Fits to LEP data

O constrained to 0.118 +0.008

2
X of fit

T T T ;

Fits to LEP + UA2/CDF {

+ CHARM/CDHS data ;
O, constrained /
t00.118+0.008 |

1 1 1

1 1 1

0
50
Myp (GeV)

150

250

My, (Gev)

Figure 2.8.: x? of the electroweak fit to data as a function of the top quark mass using LEP
data (left) and LEP, hadron collider and neutrino experiment data (right) [10].

W-Helicity Due to the V-A structure of the weak interaction in the Standard Model the W
boson from the top decay has either zero or negative helicity, the fraction of the former being

Mo, /23y
1+m?0p /2m3,

fo=

~ 70% in the top rest frame. A measurement of the angles between the lepton

and the b quark in the leptonic branch makes it possible to estimate the fractions of negative
(f=), zero (fo) and positive (f) helicity of the W boson. Previous measurements yielded

10
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Figure 2.9.: Evolution of the top quark mass prediction and measurement with time [11]. Until
1995 only predictions from electroweak fits (o) have been done. These are consistent with the
direct observation by CDF (A) and DO (V). The world average from both experiments is also

shown (M) as well as the lower bounds from hadron colliders (dashed line) and e*e™ colliders
(solid line).

f+ = 0.11+0.15 (CDF),
fo = 0.56+0.31 (D0),

which is consistent with the Standard Model.

Charge, Spin, Spin Correlations Although the Standard Model predicts a top mass with
charge +% and spin % these predicitions have not been verified yet. Also, no measurement of
the spin correlations has been done so far. Due to the heavy mass of the top quark, and the
resulting short lifetime, the spin information of the produced #t pair is not lost after its decay
and can in principle be measured. Feasibility studies for these quantities are in progress.

Weak interaction, |Vy,| The weak production processes described earlier allow a direct
measurement of the Cabbibo-Kobayashi-Maskawa (CKM) matrix element |Vj|. So far it has
only been estimated from three-generations unitarity constraints (|Vyp|?+|Vep|2 +|Vis|2 = 1) plus
assuming three generations using the measurements of the lighter elements, yielding a result of

[Vio| = 0.977918 (> 0.75 95% CL) (3 generations). (2.6)

The cross sections of the “single top” processes are proportional to|V;|2. So far, only limits have
been estimated since the electroweak single top production process has not yet been observed.

11
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2.2.5. Background Processes

Two sources of background exist for the | + jets channel. These are multijet (or QCD) and
W + 4 jets processes.

The former contributes due to processes in which jets are produced and one jet mimics a
lepton. This happens more often in case of electrons since it is less likely that a jet fires the muon
chambers (except for the case of a heavy-flavor jet with decaying b quark in which a muon is
produced but the isolation from the jet is faked). Due to inefficiencies in the detection efficiency
not identified jets can lead to missing energy. In this case the same signature as for a neutrino
is found. This source of background is also referred to as instrumental background because the
final-state is not coming from a physics process but is purely due to misidentification.

In the W + 4 jets case, a W boson is produced which subsequently decays leptonically. The
final-state is therefore the same as in case of the [ + jets decay channel of t{-pairs. The Feynman
diagrams for several of these processes are sketched in Figure (2.10).

12
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W + 1 jet processes:

q w q w
ii/ j\/\ﬁﬁ/

W + 2 jets processes:
q w q w

Figure 2.10.: W + jets processes. The first two processes have one jet in the final state, the
others have 2 jets. A large variety of contributions are found for 3 and more jet processes.

13






3. Experimental Setup

The Tevatron is the proton-antiproton collider with the world’s highest energy, located at Fer-
milab in Batavia, Illinois, USA, with a circumference of 6.4 km. Two experiments, CDF and
D@, have taken data during the first run-period (Run I) from 1992 to 1996 at a center-of-mass
energy of /s = 1.8 TeV. An integrated luminosity of [.£ =~ 120 pb~! was collected during
that time. A highlight in the history of the Tevatron is the discovery of the top quark by both
collaborations, CDF and D@®.

The Tevatron and the detectors were upgraded during the time from 1996 and 2001. The
center-of-mass energy of the Tevatron has been increased to /s = 1.96 TeV and the experi-
ments were upgraded significantly. In the beginning of 2001 the Tevatron and both experiments
entered the second data-taking period (Run IT).So far, both experiments collected an integrated
luminosity of [.% ~ 150 — 200 pb~! in Run IL.

This chapter describes the Tevatron, the D@ experiment and its detector components with
emphasis on the upgrades for the Run II.

3.1. The Tevatron Accelerator

A scetch of the accelerator complex is displayed in Figure (3.1). The protons, produced from
hydrogen, are accelerated by a Cockroft-Walton accelerator and a Linac. A Booster brings the
protons to an energy of 8 GeV after which they are transfered into the main injector. Here, the
protons are accelerated to 150 GeV and brought into a bunch structure. Afterwards, one part
of the protons is injected into the Tevatron and accelerated to 980 GeV. The other part is used
to produce antiprotons by directing a 150 GeV beam of protons into a nickel/copper target.
The antiprotons are subsequently accelerated to 8 GeV and accumulated. From there they are
transfered into the main injector and accelerated to 150 GeV. Like the protons they are injected
into the Tevatron in which they gain their final energy of 980 GeV.

The protons and antiprotons come in 36 bunches with a bunch spacing of 396 ns. These
are grouped in three super-bunches (of 12 bunches each) with a gap of 2 us. In principle six
interaction points are marked, with CDF and D@ being located at two of those.

A detailed description of the Tevatron can be found in [12].

3.2. The DO Detector

The D@ detector is a multi-purpose detector with emphasis on the identification of leptons and
jets. It consists of several subsystems, namely the tracking system, the calorimeter system and
the muon system. Additionally, a newly built Forward Proton Detector (FPD) and luminosity
monitors complete the detector. The trigger system consists of three levels which account for a
rate to tape of 50 Hz in the data acquisition. Figure (3.2) shows a cross sectional view of the
detector. The most important upgrade in the Run IT is the installation of a complete tracking
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Figure 3.1.: Scetch of the accelerator complex. The production of protons and antiprotons is
described in the text, as well as the acceleration chain.

system including a 2 Tesla solenoid magnet. The main components are described in the follow-
ing. Details, especially on the components not introduced, like the luminosity monitor or the
Forward Proton Detector, can be found in the literature [13, 14].

The DO coordinate system is right-handed with the z-coordinate along the proton direction
and the x-component pointing towards the center of the ring. As common in hadron-colliders,
polar coordinates are used:

r = Vz2+ 92

o = tanf,
)

= —Intan—.
i nam2

The latter variable is the pseudo-rapitidy which is chosen because in QCD the particle multi-
plicity is flat in  and A7 intervals are Lorentz-invariant. Since it is often necessary to describe
the coordinates of particles with respect to the primary vertex or the center of the detector, 7
will be refered to as “physics ” or “detector n”.
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Figure 3.2.: Longitudinal cross section of the D@ detector. It consists of a tracking system in

the center, a calorimeter system and a muon system. The upgraded components are explained
by the labels.

3.2.1. The Tracking System

The tracking system consists of a silicon vertex detector, a central fiber tracker and the solenoid
magnet. Particles with a charge different from zero are bent around the z-axis due the presence
of the magnetic field. The radius of the helix is proportional to the transverse momentum

pr = /P2 + p2 of the particle:

pr [GeV/c]

e N (3:-1)

The measurement of the 3-dimensional momentum is completed by additionally measuring the
z-component in the (r — z)-plane or 7 of the track.

Figure (3.3) shows a zoomed cross section of the tracking system. The silicon vertex detector
is close to the beam line, followed by the central fiber tracker. Both are surrounded by the
solenoid.

Silicon Vertex Detector

The Silicon Vertex Detector (SMT or SVX) is composed of barrels and disks. Figure (3.4) shows
a 3-D drawing of the detector.

The barrels are each 12 cm long and have 4 radial layers, with the outer layers in barrel 1
and 3 being single-sided, layers 2 and 4 as well as the inner layers 1 and 3 being double-sided.
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Figure 3.3.: Zoomed cross section of the DO tracking system. The silicon vertex detector is
close to the beam line, followed by the central fiber tracker. Both are surrounded by the solenoid.

The disks come in two types, the “F”-disks with 12 double-sided segments of 30° stereo and the
larger “H”-disks with 24 single-sided segments of 15°. The sensor itself is a silicon microstrip
detector, 300 pum thick, which is kept at a temperature of 10°C in order to reduce the risk of
damage due to radiation. Assembled, the detector measures 2.30 m in z-direction and has radii
between 10.5 cm (“F”-disks) and 26.0 cm (“H”-disks). Tracking within a region of |nge:| < 3.0
is possible with a spatial resolution of

Opoint ™~ 10 pm,
Overter ™ 40 pum (1‘ - ¢)a
~ 100 pm (r — z),

where the barrels are used to measure in the (r — ¢)-plane, the disks in the (r — z)-plane. A
total of 793,000 readout channels is needed for the vertex detector.

A cross section of the barrel and disks is shown in Figure (3.5). More details on the silicon
tracker can be found in the literature cited above.
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Figure 3.4.: Three-dimensional drawing of the Silicon Vertex Detector. The arrangement of
barrels and disks can be seen.
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Figure 3.5.: Cross sectional view on the Silicon Vertex Detector. Left: Barrels, right: Disks.

Central Fiber Tracker

The Central Fiber Tracker (CFT) is located between the Silicon Vertex Detector and the Solenoid
(see Figure (3.3)). It is used for momentum measurement and track reconstruction within a range
of |nget| < 2.0. It is also used to provide fast L1 track triggering within a range of |9ge| < 1.6.

The fibers are mounted on cylinders of radii between 19.5 cm and 51.5 cm in axial doublet
layers. Odd numbered cylinders have two additional 2° to 3° stereo doublet layers. A total of
74,000 fibers, double cladded with a diameter of 835 pm, is used. Approximatly 10 m of light
guide transfer the light to the “Visible Light Photon Counters” (VLPC). Those are a variant of
solid-state photomultipliers with high quantum efficiency at high rates.

The spatial resolution of the fiber tracker is o ~ 100 pm.

Solenoid Magnet

The superconducting solenoid magnet [15] is 2.7 m in length and provides a magnetic field of
2 Tesla. It has a two layer coil with a mean radius of 60 cm. The uniformity of the field is
measured to be 0.5%. The magnet is operated at a temperature of 10 K.
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3.2.2. The Calorimeter System

The calorimeter system consists of a uranium liquid argon calorimeter, preshower detectors and
the intercryostat detector. It is used to measure the energy of particles from their interaction
with matter. This is especially true for leptons and jets with the exception of muons and
neutrinos. The former deposit only a tiny fraction of energy in the calorimeter because they are
minimal ionizing particles (MIPs). The latter are not at all measured in the detector due to the
weak interaction.

Uranium Liquid Argon Calorimeter

The uranium liquid argon calorimeter is divided into three parts, a central calorimeter (CC) and
two end caps (EC). The central calorimeter is further parted into an electromagnetic (CCEM),
fine hadronic (CCFH) and coarse hadronic (CCCH) section. The endcaps are segmented into
electromagnetic (ECEM), inner hadronic (ECIH), middle hadronic (ECMH) and outer hadronic
(ECOH). The central calorimeter covers a region of |14 < 1.3; together with the end caps a
total region of |nge:| < 4.2 is covered.

The electromagnetic and hadronic sections have 4 cylindrical floors (EM1 - EM4 and FHI -
FH3 and CH, respectively). The calorimeter is divided into lateral segments of 0.1 x 27/64 ~
0.1x0.1 in n and ¢, except for the EM3 floor which has a 2-times larger granularity. Figure (3.6)
shows a cross section of the calorimeter in z-direction. Here, the central region and endcaps
together with the corresponding floors (and cells) are drawn.

An example for a calorimeter module is shown in Figure (3.7). A signal board, which
measures the deposited energy, is sandwiched by uranium plates with argon gaps inbetween.
Particles traversing such a module deposit energy in the dense uranium absorber in which
showers develop. The subsequent ionization in the argon is measured by the signal boards. The
ratio between electromagnetic and hadronic response is approximatly 1, i.e. the calorimeter is
compensating.

Details on the calorimeter upgrade can be found in [16].

Preshower and Intercryostat Detector

The Central Preshower Detector (CPS) is situated between the solenoid and the central calorime-
ter, the Forward Preshower (FPS) in front of the endcaps. Both are used to increase the
electron-identification efficiency and recover the energy resolution due to the solenoid. The cen-
tral preshower is made of three layers of scintillator from which one is axial and two are 23°
stereo layers. They are installed in the central region |n4e| < 1.2. In order to induce showers
with high efficiency a thin lead plate is placed in front of the fiber layers. The light signal is
guided and read out the same way as the central fiber tracker. The spatial resolution is roughly
o ~ 600 pm. The design reports for both preshower detectors are found in [17, 18].

The Intercryostat Detector (ICD) is located in front of the endcap in order to increase coverage
between central calorimeter and endcap. It consists of a ring of scintillating counters with a
segmentation of An x A¢ = 0.1 x 0.1.
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Figure 3.6.: Cross section of the calorimeter. The central calorimeter and the endcaps are

drawn together with the corresponding floors and cells.
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Figure 3.7.: Unit cell of the calorimeter. The showering is caused in the uranium plate. The
ionization in the argon gaps is measured by the signal board sandwiched inbetween.
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Energy Resolution

Since a calorimeter counts ionized particles, the error on the measured energy is proportional
to the number of particles observed in the detector cluster. The number of particles N can
fluctuate with Poisson errors, i.e. AN  v/N. Therefore, the relative resolution of the energy
measurement is

AE AN _ 11 (32)
E N vN VE '
Emperically, the resolution is parameterized as
AE\? , 82 N?

The constants C, S and N correspond to calibration errors (C), sampling fluctuation(S) and
noise contributions (V). The values for those quantities yielded in test-beam experiments with
electrons and pions are summarized in Table (3.1).

Particle | C | S [VGeV] | N [GeV]
e 0.014 0.135 0.14
T 0.032 0.410 1.30

Table 3.1.: Parameters for the calorimeter resolution obtained in test-beam experiments with
electrons and pions.

3.2.3. The Muon System

The Muon System consists of a central and a forward part. The central muon system consists of
three layers (A, B, C) of Proportional Drift Tubes (PDTs) and a layer of scintillator covering a
region of |74e¢| < 1.0. The forward muon system consists of three layers (A, B, C) of Mini Drift
Tubes (MDT) and extends the coverage to |n4e:| < 2.0. The layers of scintillator are used for
muon triggering and rejection (of cosmis muons for example). A toroidal magnet with a field
of 1.8 Tesla allows the measurement of the muon momentum. The A layers of the central and
forward region are found between the calorimeter and the toroid, the B and C layers are located
outside the magnet.
Figure (3.8) shows a sketch of the muon system. More details can be found in [19, 20, 21].

3.2.4. Trigger

Since at hadron-colliders far too many events occur than can be recorded by the data aquisition,
a trigger must filter events online. At the Tevatron every 396 ns bunches of protons are colliding
with bunches of antiprotons. This translates into a rate of about 2.5 MHz where, in comparison,
the offline reconstruction can only handle rates of 50 Hz. Therefore only events are kept that are
interesting from a physics point of view. At DO the trigger is divided into three levels (1 to 3)
which are explained in the following. Figure (3.9) shows diagrammatically the procedure of
accepting or rejecting events with the current trigger system.
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Figure 3.8.: The D® muon system with the central and forward muon system. Proportional

Drift Tubes, Mini Drift Tubes, scintillator and a toroid magnet allow the measurement of muon
momentum and triggering.

Level 1

The Level 1 (L1) trigger is deadtimeless and based on information directly coming from the
detector electronics, i.e. a hardware trigger. This includes thresholds in the calorimeter towers,
defined here as Anp x A¢ = 0.2 x 0.2, and certain hit patterns in the preshower, the central fiber
tracker and the muon chambers. A coverage of 14| < 2.5 for electrons and |7ge| < 2.0 for
muons is provided. The rate with which data is passed to Level 2 is 10 kHz.

Level 2

On Level 2 (L2) the information from the detector subsystems is used to form physics objects.
This is done in the preprocessor stage. The global processor stage combines all the information

before it passes the event further to the Level 3 trigger or rejects it. L2 is a simple software
trigger.

Level 3

Level 3 (L3) of the trigger system is a collection of about 100 computer nodes which allows
a simplified reconstruction of the events passing Level 2. Physics quantities are used to filter

events. Those events are written to tape with a rate of 50 Hz and are available for the offline
analyses, classified in streams. L3 is a software trigger.
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4. The Matrix Element Method

The main principle of the matrix element method is the calculation of the probability for each
event to be produced in certain processes (here the ¢t signal and the W + 4 jets background
processes) given its measured kinematics. A 2-dimensional likelihood is built from these two
probabilities treating the mass of the top quark and the fraction of top events as parameters to be
estimated. Using a maximum likelihood method, the relative fraction of signal and background
events (the purity of the sample) and the mass of the top quark are extracted. Two processes
are considered for the event probability determination: the ¢t — [v + jets processes using a
MADGRAPH matrix element [22, 23, 24] and the W (— [v) + jets processes calculated with a
VECBOS matrix element [25].

In the following a general expression for the event probability is derived, taking into account
the measurement process. Subsequently, the estimation of parameters is introduced and applied
to the measurement of the top quark mass.

4.1. The Differential Cross Section as a Measure of the
Production Probability

The probability for any scattering or decay process is proportional to its differential cross section.
An interaction with an n-body final-state can be written as g1 + g2 — p1 + - - - + pp, where ¢
and ¢o are the 4-momenta of the initial-state particles and p; to p, are those of the final-state
particles. In the gig2 rest frame, the differential cross section ops (where the subscript “hs”
refers to the hard scattering process as will be explained later) is given by Fermi’s Golden Rule:

(2m)* A (x; a)|?
4/(q1 - q2)* — m3m}

Here, ./ is the matrix element for the given process, mi, mqy are the masses of the initial-state
particles and d®,, is an element of the n-body phase space. The latter can be written as

d"ops(x;a) = -d®,,. (4.1)

n n B
A (q1 + q2;p1,- -, pn) = 0D (g1 + g2 — sz') H (2@% (4.2)
=1  i=1 ¢

The matrix element (which gives the method its name) depends on the kinematics x of the
initial- and final-state particles and describes the reaction. It can be written as a function of
any set of parameters a, which in the current analysis is simply the mass of the top quark and
the signal fraction (or purity). In QED and pQCD it can be obtained from perturbation theory
(in principle up to any order).

As applied here, Fermi’s Golden Rule is only valid for parton interactions. For hadronic in-
teractions it has to be taken into account that the momenta of the composite particles of, for
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example, a proton, are not known. For that reason the process described by Equation (4.1)
can be refered to as "hard scattering” process since it describes the parton-parton interaction
only. In order to obtain the differential cross section for proton-antiproton interactions Equa-
tion (4.1) has to be convoluted with the parton density functions (PDF) for each hadron, which
parameterize the distribution of longitudinal parton momenta. If z is the fraction of momentum
carried by a parton and f(z) is the parton density inside the (anti-)proton then z - f(z)dx is
the probability that the parton has a momentum fraction between z and x + dx. Due to the
different contributions of parton flavors to the (anti-)proton f depends on the type of parton.
The corresponding differential cross section is then the sum over all contributions from different
parton flavors, which in the case of t£ production at leading order includes ua, dd, c¢, s3, bb and

99-

d"o(x;a) = Z / / d"ops(x;a)dzidzox fi(z1)xa fi(ze). (4.3)

i=flavor

From this an expression can be derived for the probability of an event to be produced by a certain
process with the given kinematics. This expression of course has to be properly normalized. The
integral of the differential cross section over the whole available phase space is the total cross
section for a given process, i.e.

o(a) = / o(x;a), (4.4)

where x is a vector in multidimensional phase space. Thus, the probability for an event to
originate from that process can be written as

p(x;a)d "z = édna(x; a), with /p(x; a)d"z = 1. (4.5)

4.2. Detector Resolution

Since the kinematics of partons cannot be measured perfectly in a detector, two effects have to
be taken into account when calculating the probability: the finite resolution of the detector and
the detection efficiency. The treatment of those influences is discussed in the following.

Finite Energy Resolution

First, partons are not the observed quantities in a detector but jets, which are the hadronized
final-states of partons produced in the interaction. The energy and angles of these jets can only
be measured with finite resolution. For that reason the probability in Equation (4.5) has to be
convoluted with the probability W (x,y) that a produced vector in phasespace, y, is measured
as a vector x, i.e.

1 n )
o) = —o / Toly;a) - W(x,y). (4.6)

Of course the integration is carried out over the whole available phase space. W (x,y) is referred
to as a transfer function. For each parton it can be factorized into functions of energy, angles and
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other kinematic properties. In case of a perfect measurement, W (x,y) is a delta function, in case
of no measurement it is a constant (e.g. for neutrinos, which are not observed in the detector
due to the weak interaction). For finite resolutions the transfer function can be parameterized
as any function normalized to one with respect to y.

/dy W(x,y) =1. (4.7)

As is discussed in Chapter 6, the transfer functions depend on the flavor of the corresponding
parton. This is due to the fact that, for example, gluons or heavy quarks hadronize differently
than light quarks and therefore the behavior of partons varies in the detector. However, they do
in principle not depend on the production process, even though the kinematics of the observed
final-state particles differ for various processes.

Detector Acceptance and Efficiency

Second, the acceptance, the probability of observing a jet in the detector, is a function of
the parton kinematics. Several factors account for the acceptance: detector geometry, trigger
efficiency, event selection, reconstruction efficiency, etc. It is not dependent on the type of
interaction that produced the parton. For example an electron produced in the leptonic decay
of a top quark will have the same detector acceptance as an electron generated in Drell-Yan
processes.

In order to make allowance for the events which were not observed in the detector, the
normalization factor in Equation (4.4) has to be convoluted with the acceptance.

Gops(@) = / o (x,a) - Acc(x) (4.8)

Combining Equation (4.5) with Equations (4.6) and (4.8) a formula to calculate the event
probability for a certain process is obtained:

_ 1
~ [dro(x;a) - Ace(x)

p(x) / &o(y;a) - W(x,y). (4.9)

Final Expression for the Event Probability

So far the probability for an event to be produced by a certain reaction (described by the
corresponding matrix element) with observed kinematics x was derived. Since the observed
final state can not always be assigned to a single production process all possible contributions
have to be taken into account. Therefore, the total probability for an event to be observed in the
final-state is the weighted sum of probabilities of all contributing (non-interfering') processes i.

p(z) = Z ¢i - pi(x) (4.10)

! For interfering processes the amplitudes have to be added coherently. In case of the previously discussed final
states, the processes do not interfere which allows to simply add the probabilities.
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Since all probabilities involved are normalized to one, the sum over the coefficients ¢; must obey
the following sum rule:

Y =1 (4.11)
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4.3. Estimation of Parameters

The previous section explained how the probability for an event to be produced by a certain
process can be calculated. In order to estimate the properties of these processes or of any parton
involved, a maximum likelihood method can be applied. For a given set of data (here: event
kinematics = lepton and jets 4-vectors) x1, ..., Xy the likelihood is defined as the product of the
individual probabilities:

k
L(xi,...,x4;2) := [ [ p(xi;2), (4.12)
i=1
where a is a set of parameters which have to be estimated. In order to estimate the most
probable value of these parameters the likelihood is calculated for each value of a. The set a’
that maximizes L is the most probable value for a. Instead of maximizing L it is common to
minimize the negative logarithm of L, which in turn can be written as the sum of logarithms of
the individual probabilities:

k
~InL == Inp(x;a). (4.13)

=1
In the context of this analysis a is a 2-dimensional vector with the components being the top
quark mass and the signal fraction (myep, ¢1) (in the next section it will be made clear that only
two processes are taken into account, one for the ¢t signal, the other for W + 4 jets background).

4.4. Application to ¢ Production and the Measurement of the
Top Quark Mass

As discussed earlier, in the case of t¢ production the contributing background processes to
the observed final state, i.e. 4 jets, a central lepton and missing transverse energy, are mainly
W + 4 jets and QCD multijet events. In the latter case one jet fakes a lepton or, in the y + jets
channel, the muon comes from a heavy flavor decay. Since there is no reliable matrix element
for QCD events with jets faking leptons and because the relative amount of these events only
counts up to 7—20% [1], the W + 4 jets events are assumed to be the only source of background
in the calculation. The uncertainty in the top quark mass measurement due to QCD events in
the sample will be dealt with as a source of systematic uncertainty and is discussed later. From
(4.10) it follows that the total production probability can be written as

P(X; Myop) = €1 Pei(X; Migop) + €2 - PWrdjets(X) (4.14)

where p;7 is the probability for ¢£ production (with lepton + jets in the final state) and py 14 jets
the corresponding probability for W + 4 jets. These will be referred to as signal and background
probability in the following. Since the mass of the top quark, my.p, is the property to be
estimated, p;7 is written as a function of the top mass. From Equation (4.11) it follows that
co = 1 — ¢1. The relative fraction of ¢t events, cy, is the second unknown parameter. From this
probability a likelihood is constructed and the parameters are estimated using a maxmimum
likelihood method introduced in the pervious section.
The following chapter describes the individual steps of the calculation in more detail.
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5. Calculation of Event Probabilities

This chapter describes the calculation of the event probabilities for signal and background pro-
cesses in case of ¢ production. First, the transfer functions are described briefly (a more detailed
discussion about the derivation and parametrization can be found in Chapter 6). Subsequently,
the integration of the differential cross section for t£ and W + 4 jets events are explained includ-
ing a transformation of variables in the former case. Also, numerical techniques and approxi-
mations are introduced.

5.1. Transfer Functions

The transfer functions W (x,y) are used to describe the resolution of the detector, i.e. they
are a measure of the probability that an event with kinematics y is measured as x. It can be
decomposed into a product of functions for each parton. In this analysis, the momentum of the
charged lepton is assumed to be measured perfectly. Also, the angles of the produced partons
(measured as jets) will be treated as measured without uncertainty (see Chapter 6 for details).
The following decomposition is used:

4 4

W(X, y) = 5(3) (ﬁl,meas - ﬁl) H W;et(EjEt’ Eparton) H 5(2)( ;'et - ;f)a'rton)’ (5'1)
i=1 i=1

where pj meqs and pj are the momenta of the measured and produced charged lepton, ;¢ and
Qparton are the angles of the jets and the corresponding partons. The functions W;et are used
to describe the energy resolution and are derived in Chapter 6.

As found to be suitable from the energy distributions ([26] or Chapter 6), a double-gaussian
is used as parametrization, where the parameters p; to ps depend linearly on the parton energy.
The transfer functions can be written as

1 - (6-p1)? - (6-p4)?
Wjet(EjetaEparton) = (6 >P3 +p3-e s )a (5'2)

V27 (p2 + p3 - ps)

where

b = Ejet - Epartona (53)
pi = a;+ Eparton - b;.

The parameters used in this analysis are summarized in Tables (6.2) to (6.4). The derivation of
the transfer functions is described in Chapter 6.
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5.2. Calculation of the Signal Probability

The calculation of the signal probability requires knowledge of the kinematic properties of the
particular reaction under study. As mentioned above, these properties are reflected in the
matrix element (or transition amplitude) for that process. In perturbative theories the amplitude
can be decomposed into matrix elements of the same order, for example in QED. There, the
perturbation parameter agys is much smaller than 1 (aga ~ 1/128), so terms of higher order
are usually a correction to the so called Born level (i.e. first order). Therefore, it is sufficient
for most purposes to restrict oneself to the leading (LO) order matrix element. However, QCD
is not a purely perturbative theory, but since higher order elements are hard to calculate only
the 4-jet leading order matrix element for ¢#-production is used in this analysis. In next-to-next-
to-leading order (NNLO) cross section calculations it can be shown that this approximation is
valid.

Several approaches for the calculation of the [ 4+ jets leading order matrix elements are
available. First, an approximation similiar to that in the Run I analysis was used. It is based on
the calculations of [27] neither including ¢t spin correlations nor the contributions from gluon-
gluon fusion (which in Run IT accounts to about 15%, compared to approximatly 10% in Run I.
As mentioned previously this is due to the increased center-of-mass energy of /s = 1.96 TeV).
An expression for the matrix element can be found in the literature. Second, the ONETOP [28]
and MADGRAPH [22, 23, 24] packages were used, which both include the latter features. All three
approaches have been tested for the parton level analysis described in the following chapter and
found to give similiar results. For the analysis of reconstructed Monte Carlo and data, the
matrix element used was taken from the MADGRAPH generator package. Because of that, the
calculation described in the following refers to that particular matrix element.

5.2.1. Top Quark Mass and Total Cross Section

Since the top quark mass is the parameter under study it has to be taken into account that
the decay width of the top quark is a function of its mass. This was done by implementing the
calculations described in [29], which include QCD corrections. As can be seen on the left hand
side of Figure (5.1) the width increases with increasing top mass.

In order to calculate the total cross section, which is required for the normalization of the
top signal event probability, the integral of the differential cross section has to be performed
over the whole available phase space. For that purpose a numerical integration method (VEGAS)
is used. The calculation was repeated for different values of the on-shell top mass, ranging from
140 GeV/c? to 210 GeV/c?. As a result, the total cross section as a function of the top quark
mass in leading order is shown on the right hand side of Figure (5.1).

5.2.2. Integration of the Differential Cross Section

In order to calculate the probability for signal events the integrals in Equation (4.9) have to be
performed. The phase space for a process q; + g2 — p1 + -+ p, with six particles in the final
state is 20-dimensional, where 6 x 3 dimensions account for the 3-momenta of the final-state
particles (with masses fixed). Assuming that the transverse momenta of the initial-state partons
are zero, 2 dimensions are considered for their longitudinal momenta.

However, energy- and momentum-conservation as well as the measurement of kinematic
properties of the interaction reduce the number of integrals to be performed. As described
earlier the transfer functions characterize the resolution of the detector. Assuming the jet
angles and the charged lepton momentum to be measured perfectly, the integration over those
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Figure 5.1.: Left: Calculated top width as function of the polemass of the top quark. Right
Total cross section of ¢ production in leading order as function of the polemass of the top quark.
The calculation was done using the MADGRAPH matrix element at a center of mass energy of
v/8 = 1.96 TeV. As parton density functions the CTEQS5L set is used.

quantities is straight forward due to the delta-functions in Equation (6.1). The same is true for
the energy- and momentum-conservation which is intrinsic to the phase space (4.2). By assuming
the pr of the ti-system to be zero (i.e. no initial state radiation) the transverse momentum of
the neutrino can be calculated by balancing the total momentum. Table (5.1) summarizes the
degrees of freedom in this calculation.

Still, the integration has to be carried out over 5 dimensions and is done numerically. It
should be mentioned that several approaches have been compared and studied. The following
describes the techniques which have been used for the analysis.

D.o.f. Particles
6 x 3 = 18 | final state particles
+ 2 longitudinal momentum of initial-state partons
-4 energy-momentum conservation
-3 lepton measurement
-8 jet angle measurement
=39 total

Table 5.1.: The degrees of freedom in the ¢ production and decay process.

Transformation of the Phase Space

Using numerical integration techniques the choice of variables of integration should be made
such that the sampling is mostly performed in regions with large probability density. In case of
tt production the probability peaks at the four poles of the top and W masses, arising from the
Breit-Wigner terms in the matrix element. Since these terms have narrow widths (~ 1 GeV/c?
and ~ 2 GeV/c? respectively) it is even more important because the sampling in 5 dimensions is
very time-consuming. Therefore, the set of variables which was not accounted for by the delta-
functions, i.e. the momentum of the four jets and the longitudinal momentum of the neutrino,
is transformed into a new set: the invariant mass of the hadronic and leptonic top quark (m;s,
M), the mass of the hadronic W boson (mj;), the absolute value of the up-type light quark
momentum (p1) (from the W decay) and the longitudinal momentum of the neutrino (p?).
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The Jacobian resulting from the transformation of variables is derived in Appendix A. The
phase space factor d®,, in Equation (4.2), where n = 6, is transformed into:

6

d3p;

T Y Jb. — Yy (4 _ v

/dpy /dpud 6 /dpy /dp 0% (g1 + a2 E Pi Z||1 2752,
4

2 3
_ pid*Qi dpi  d’p d’py
= /dp,, /dpy 8 (g1 + g0 - sz ZH1 om)32E,  (2r)2E, (2n)%2E,

= 5(Eq1 + qu - ZEZ) 5(1’21 +p;2 - pr)
1=1

i=1
4
X H d*Q; - dmijb dm}, dm?j d®py dp?, (5.5)
i=1
where
4
P 1 1
by = v .
6 g (2m)32E; (2m)32E, (27)32E,
o 1
2 (Egg—‘; — pa cos B3 + Elg—"; — p1cosBy3)
l
X
2 (Bt — pycosbus + By — pycos bj)
1
x (5.6)

2 (Elg—z — p1cosBi2)

and 1, ..., 4 refer to the two light (up-type 1, down-type 2) and two b quarks (hadronic 3,
leptonic 4) with p; = |p;|. Here, the integration over the transverse momentum of the neutrino
was carried out, so the following terms have to be taken at the calculated values of p% and pj.

Constraints on the Integration

Together with Equations (5.5) and (5.6) the differential cross section (including the transfer
functions) can be written as

d"o(x;miep) = /d"ahs(y)dxldgvgxlf(xl)mf(xg)-W(x,y)

T 4 $ Mitop 2
e f () (e2) W)
mymsy

= /d@@ dz1 dzo

4
= /dxl dzo H d*Q; - dm?jb dm?,, dmﬁj d3py dp?

i=1
6 6
X6(Eq, + By, — ZEZ) 5(p;1 +p22 - pr)
=1 =
T 4 . 2
x (2 ) |%(Yamtop2)‘ Qxlf(-Tl)fo(xZ) . W(X,y), (57)

4\/(‘11 “q2)? —mimj
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where this formula has to be summed over all flavor contributions of parton flavors in the proton.

As mentioned above the transverse component of the initial-state particles is assumed to be
zero. By integrating over z; and zy the two delta-functions in Equation (5.7) vanish. After
inserting the transfer functions and integrating over the angles of the jets and the momentum
of the lepton, the above equation simplifies to

(2m)* |- (33 mtop) |
4/qi||ga|

d"o(myep) = / dmgjb dm3,, deQ-j dp1 dp?, - D¢

4
lef($1)$2f($2) ' H Wjet(Ejeta Eparton)a (58)

=1

where the masses of the initial-state particles are neglected.

Parton Density Functions

Since the matrix element used for the calculation is of leading order the set of parton density
functions is also chosen to be of leading order. Therefore, any double counting or other incon-
sistency are avoided. Throughout the analysis the CTEQSL set is used. Uncertainties in the
mass measurement due to the choice of PDFs are discussed in the Chapter 8 on systematic
uncertainties.

Performing the 5-Dimensional Integration

The integrals in Equation (5.8) are performed numerically. Since multidimensional integrations
are time-consuming three integrals are calculated using valid approximations explained in the
following.

The matrix element for ¢¢-production contains Breit-Wigner terms for both, the top quark
and the W boson. Since the decay widths of both particles are very small (€(2 GeV)) the
Breit-Wigner terms can be approximated by the narrow width approximation [30], i.e. treating
these terms as delta-distributions:

e (5.9)

where in this case p? is the invariant mass square of a particle, m its polemass and T' the
corresponding decay width.

Thus, the number of dimensions is decreased by three. The integration over p; and p? is
carried out by scanning over the p; — pZ-plane in an appropriate step size using a 2-dimensional
Simpson algorithm. This procedure is described in more detail in Appendix B. Also, other
numerical methods (adaptive and gaussian integrations; the implementations can be found in
the CERN library [31]) were used and compared, but found to be insufficient in terms of CPU
time with the chosen binning. As will be made clear in the appendix, the integration is a
trade-off between CPU time and accuracy.

5.2.3. Jet-Parton Assignments and Multiple Solutions

The expression for the signal probability was derived from the differential cross section using
the matrix element and phase space for t¢ production. The input variables for these formulae
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are the 4-momenta of the final-state particles. Since in case of the jets it is not possible to mark
a particular jet with a certain flavor, all (4 x 3 x 2 x 1 =) 24 possible jet parton combinations
have to be taken into account. Technically, the integral in Equation (5.8) is carried out for all
permutations and averaged. Techniques like b-tagging could reduce the number of combinations,
but are not yet used in this analysis. This issue is discussed in Chapter 9.

Since the longitudinal momentum of the neutrino is a variable of integration, the kinematic
equations dealt with during the calculations can be solved by more than one constellation of
kinematics. In that case all possible solutions are averaged. The way the kinematic equations
are solved in the analysis is described in Appendix C.

5.2.4. Acceptance for ¢t Events

As mentioned in the previous section, the probability has to be normalized properly. This is
accomplished by the prefactor in Equation (4.9). To calculate the denominator the term

N(miep) = /Acc(x)d"a(x; Mitop) (5.10)

has to be calculated. However, NV can be decomposed into the total cross section and the average
acceptance. Clearly, the latter does not depend on the kinematic properties of single jets but
can be parameterized as a function of the top quark mass. One can show that the following
equation holds:

N, 0bs
?
N, gen

< Ace > (mygp) = m . /Acc(ac)d”a(x,mtop) = (5.11)
where Ny, and Nge,, are the number of observed and generated events, respectively. The event
selection in case of data and Monte Carlo is discussed in the following section. As an example,
Figure (7.12) shows the average acceptances for the muon and electron channel as a function of
the top quark mass. The points are obtained from Monte Carlo samples with different polemasses
for the top quark. A 2"¢ order polynomial is fitted to the points and used as parameterization.
As expected, the acceptance increases with increasing polemass. Geometrically, this is due to
the fact that for higher top masses the final-state particles are more central, whereas in case
of light top quarks the decay particles are boosted in the direction of the intermediate gluon

(usually z1 >> x9 or 1 << z2). The average acceptance used in this analysis is described in
Chapter 7.
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5.3. Calculation of the Background Probability

In principle, the background probability is calculated in the same way as the signal probability,
i.e. Equation (4.9) is the starting point. However, the technical implementation, the matrix
element and the integration technique (together with the variables of integration), is different.

As mentioned earlier, the background is assumend to consist of events from W + 4 jets
processes only. For that reason, the VECBOS [25] matrix element was used in the calculation of
the probability. Since no reliable Monte Carlo generator for QCD (or multijet processes) exists,
these background contributions have to be dealt with as a systematic uncertainty. Because
multijet processes behave like W + 4 jets events it is adequate to use the W + 4 jets matrix
element for the description.

In Chapter 7 ensemble tests are done in order to test the method on data sets according
in size to that measured by the experiment. For these ensemble tests a small fraction of QCD
events (~ 7% — 20%) taken from data is added to the background.

5.3.1. Integration of the Differential Cross Section

Similiar to the signal probability, the integration has to be performed over the 20-dimensional
phase space. Again, energy- and momentum-conservation as well as the assumption of a perfect
measurement of the jet angles and the lepton momenta reduces the number of dimesions to five.
Numerical methods are used to carry out the integrations.

Since, apart from the Breit-Wigner of the W boson, no sharp peaks occur in the matrix
element for W + 4 jets processes, no transformation of integration variables is done. The narrow
width approximation, introduced in the previous section, cannot be applied here. Instead,
the integration over the energies is done using a simple hit and miss algorithm, where the
transfer functions are interpreted as probability densities. The integration over the longitudinal
momentum of the neutrino is performed by a gaussian quadrature method (CERNLIB). More
details on the integration in case of the background probability can be found in the appendix B.

As in the case of the signal probability, all 24 combinations of jet parton assignments are taken
into account. Also, the acceptance for W + 4 jets is calculated using Equation (5.11). Because
it is not dependent on the top quark mass, a constant value is found for the corresponding event
selection.
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6. Derivation of the Transfer Functions

As outlined in the previous chapter, the transfer functions are used to describe the mapping
between produced and measured quantities. The following chapter motivates the decomposition
into several adequate variables and explains the derivation of the functions. Also, the additional
corrections applied to jets are briefly discussed. Details on the issue of transfer function are
found in [26].

In the initial phase of this analysis the derivation of the transfer functions was done for the
pl3 reconstruction version. Alan Magerkurth, University of Michigan, has continued this work
for the p14 reconstruction version in context of the D) mass analysis [26].

6.1. General Parameterization

The transfer functions W(x,y) introduced in Section (5.1) are decomposed into contributions
of the individual partons, i.e. both leptons and the four jets. The choice of functions in Equa-
tion (5.1) is motivated in the following.

Since the segmentation of the calorimeter is very good, the angles of the observed jets
are assumed to agree with the angles of the produced partons. Figure (6.1) shows the AR
distribution for leptons and jets and verifies this assumption. As is the case for leptons, the
resolution of jet angles is described by delta-functions.

Due to the detector resolution it is assumed that the momentum of the charged lepton is
measured with infinite precision. This is validated by Figure (6.2) which shows the distributions
of AFE between the produced and the measured lepton in simulated ¢t events. Therefore, delta-
functions are used to descibe the corresponding resolution. In case of electrons this assumption
is valid (comparing the electron resolution with the jet resolution). For muons, however, the
energy resolution is worse but is also treated as perfectly measured. In principle, an integration
over the lepton resolution has to be performed which was not done in the present analysis due
to the CPU time limitations. A proposal on that issue is given in Chapter 9. In this analysis
the resolution effect is dealt with as a systematic uncertainty and is discussed in Chapter 8.

Because the neutrino only interacts weakly it is not observed. A constant term is therefore
assigned for the resolution.

As mentioned previously the energy resolution of jets is not compatible with the correspond-
ing resolution of electrons. Therefore, the mapping between jet and parton energies has to be
described by transfer functions with finite width. The following section explains the parametriza-
tion and derivation of parameters.

6.2. Energy Mapping

In order to find an adequate parameterization for the jet energy resolution, Figure (6.3) shows
the energy difference for light and heavy flavor partons. Those are treated separately due to the
different hadronization processes of light and heavy partons. As can be seen from these plots the
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Figure 6.1.: Distribution of AR for muons (left) and jets (right). The angular resolution is
assumed to be measured well and is described by J-functions.
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Figure 6.2.: Distribution of relative energy difference between reconstructed and true lepton
energy. Left: electrons, right: muons. The resolution is assumed to be perfect and described
by é-functions.

distributions are not centered around 0 GeV and have non-gaussian tails. Since the concept of
transfer functions takes the shape of the energy resolution into account an average correction (for
example assuming a gaussian resolution) is not precise enough. A double-gaussian is therefore
used to account for the tails. As found in various studies [26, 32] the parameters p; to ps depend
linearly on the parton energy. The transfer functions can be written as

1 -(3-p1)” —(6-py)”
Wjet(EjetaEparton) = (e e +p3-e s )a (6'1)

V27(p2 + p3 - ps)

where

0 = Ejet - Epartona (62)
pi = a;+ Eparton - b;. (63)

Since the energy deposition depends on the parton flavor three different classes are introduced:
light quarks (u, d, s, ¢), b quarks and b quarks tagged with a soft muon. The latter is expected
to behave differently from the b quark due to the neutrino in the final state. For each of these
classes the parameters are derived separately.
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Figure 6.3.: Distribution of the AE between jets and partons for light quarks (left) and heavy
quarks (right). The distributions are obtained from ¢ Monte Carlo using a jet-parton-matching
of AR < 0.5.

It is also found that the various calorimeter regions show a different behavior in terms of
energy resolution. Therefore, the classes are subdivided into regions of 74.;. These correspond
to the values shown in Table (6.1)

Region

Central Calorimeter (CC)
Intercryostat Region (ICR)
Endcap (EC)

T)det
0.0 < |nget| < 0.7
0.7 < |77det| <1.8
1.8 < |nget| < 2.5

Table 6.1.: Calorimeter regions.

The parameters for the transfer functions are determined from ¢t Monte Carlo. Samples
with top quark polemasses from 150 GeV/c2 to 200 GeV/c2 are used. The measured energy
differences are fitted to the parameterization (6.1) using Minuit [33]. The parameter a3 is fixed
to 0 in order to suppress an interchange of both gaussians'. The fit was furthermore constraint
to the central region, i.e. |AFE| < 100 GeV. Because it is a priori not obvious which jet belongs
to which parton, a jet-parton-matching criterion of AR < 0.5 is required. No further event
selection is applied to the sample. The parameters obtained from the Monte Carlo sample are
summarized in Tables (6.2) to (6.4).

light quarks b quarks u tagged b quarks
Pi aj b; a; b; a; b;
p1 | 1.5142523 | -0.0046015 | -1.0909721 | 0.0435889 | -4.3974654 | 0.0757411
D2 3.4869614 | 0.1038399 4.1037500 | 0.1089371 | 13.9044167 | 0.0775983
p3 | 0.0000000 | 0.0005679 | 0.0000000 | 0.0011010 | 0.0000000 | 0.0030358
ps | 40.9175703 | -0.3190310 | 17.1947255 | -0.2336131 | 11.0602161 | -0.1045415
ps | 27.6811911 | -0.0081009 | 18.4153637 | 0.1075442 | 17.1776951 | 0.2719917

Table 6.2.: Transfer function parameters for light, b and muon tagged b jets in the CC region.

As an example for the functional form, Figure (6.4) shows transfer functions for parton
energies between 10 GeV and 250 GeV for light and b quarks separately. The parameters p; to

!The parameterization is chosen such that the first gaussian accounts for the peak and second one for the tails.
It is obviuos that the second contribution is treated as a small distortion to the dominating gaussian form.
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light quarks b quarks u tagged b quarks
Pi a; b; aj b; a; b;
p1 | 2.6141864 | -0.0341720 | 0.2792247 | -0.0012560 | 1.7073751 | 0.0751120
po | 2.8410319 | 0.1527113 | 2.8484498 | 0.1766203 | 5.7015008 | 0.1269471
p3 | 0.0000000 | 0.0006705 | 0.0000000 | 0.0005233 | 0.0000000 | 0.0020146
pg | 39.5960027 | -0.1583219 | 27.056039 | -0.1949308 | 20.2409154 | -0.0571302
ps | 27.2056889 | 0.0005969 | 26.910188 | 0.0736229 | 29.1609261 | 0.2804977

Table 6.3.: Transfer function parameters for light, b and muon tagged b jets in the ICR region.

light quarks b quarks u tagged b quarks
Pi a; b; a; b; a; b;
p1 | 43.2233050 | -0.3329035 | 13.0231503 | 0.0958643 | 23.7877953 | -0.1860100
po | 16.2033350 | 0.1097911 | 17.1328564 | 0.0385995 6.0943296 | 0.1466943
p3 | 0.0000000 | 0.0714187 | 0.0000000 | 0.0337702 0.0000000 | 0.0007603
ps | 9.1657811 | -0.0454625 | -0.2936919 | -0.0081156 | 186.3178830 | -0.8531883
ps | 8.5964739 | 0.1067287 | 1.8167135 | 0.1818514 | 68.7850770 | -0.5303422

Table 6.4.: Transfer function parameters for light, b and muon tagged b jets in the EC region.

ps are calculated from the corresponding tables.

Figure (6.5) shows the distribution of energy difference between jets and partons in different
intervals of the parton energy (in this case the light jets in the central region are shown). The
black histograms correspond to the measured values from Monte Carlo, the red/grey histograms
display the energy difference taken from parton level events smeared with the corresponding
transfer function. As can be seen from these plots the agreement is reasonable, especially in the
regions with larger statistics.
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Figure 6.4.: Example for the parameterization of the transfer functions. Parton energies be-
tween 10 GeV and 250 GeV in steps of 12.5 GeV (from left to right) are used to calculate the
parameters p; to ps. Left: Light quarks in the CC region. Right: b quarks in the CC region.

As a further cross-check the invariant mass distributions for the hadronic top and W are
shown in Figure (6.6). Again, the black histogram corresponds to the measured jets, the red/grey
histogram to the smeared partons. Both histograms are compatible within the given statistics.

More details on the derivation and the transfer functions in general can be found in [26]. The
parameters are derived from the Monte Carlo samples listed in Appendix D by Alan Magerkurth.
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Figure 6.5.: Distribution of energy differences of light jets for reconstructed (black) events and
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interval of parton energy. The description of the energy distribution by the transfer functions

are sufficiently good given the limited statistics.
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6.2.1. Comparison to Run I

Since in the Run I analysis the transfer functions were parameterized in the same way as is done
here, a comparison of the jet energy resolution is possible. Figure (6.7) shows examples for light
and b quarks at a parton energy of 100 GeV. As can be seen, the Run II transfer functions are
broader than the ones used previously due to the resolution of the calorimeter being degraded by
the new tracker and the solenoid. As is observed in the analysis, the statistical error is therefore
larger than in the Run I. Also, a clear shift in both examples can be seen. The parameters for
the Run I transfer functions are taken from [32], where no further corrections have been applied.

50.03
Transfer Functions 2
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aaaaa Runil

partan =

0.025

rusar [N RN BRI MR M e L LT
20 40 60 80 100 120 140 160 180 200 20 40 60 80 180 200

E,, [GeV] E,, [GeV]

Figure 6.7.: Comparison of transfer functions from the Run I and the present analysis for light
(left) and b quarks (right) in the central calorimeter. The latter ones are broader due to the
resolution of the calorimeter and shifted towards higher energies. Both functions are calculated
at a parton energy of 100 GeV.
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6.3. Corrections and Normalization

Before the transfer functions are obtained from the Monte Carlo several corrections are applied
to the jet energies. These have to be taken into account when integrating over the transfer
functions . Two factors are described in the following: parton-level corrections and 7-dependent
corrections.

6.3.1. Parton-Level Corrections

The jet energies obtained from the Monte Carlo (as well as from data) are corrected for the
jet energy scale (JES) by the ROOT tuple maker top_analyze [34]. In order to account for
effects such as hadronization, out of cone corrections etc. additional parton-level corrections are
applied to the jet energies, which are described in [35]. These corrections are simple scale factors
multiplied to the jet energy. The parameterization for the parton-level corrections is chosen in
the following way:

_—q+ V@ 49 (90 — Ejer)

- : 6.4
Tre 2q2 - Ejet (64)

where qg, ¢1 and ¢, are parameters to be estimated from Monte Carlo and stated in Table (6.3.1).
Since they are different for light and heavy flavor (no distinction is made between muon tagged or
untagged jets), two separat sets of parameters are obtained. As in case of the transfer functions
the correction factors vary with the 74 region and therefore a discrimination is also done here.

light quarks b quarks
qi CcC ICR EC CC ICR EC
q -2.001 -0.76 5.5686 -4.246 -3.27 -4.318
¢ 1.0485 0.9862 0.8992 1.0181 0.9658 0.9674
g3 | 1.342-107%* | 4.496-10~* | 7.905-10~* | 3.412-107° | 2.836 - 10* | 3.44-10~*

Table 6.5.: Parameters for the parton-level corrections for light and heavy flavors in three
different regions of 7ge;.

6.3.2. n-dependent Corrections

Since the jet energy scale is found to be dependent on the 7 region, further corrections are
applied to account for this effect. Details on the derivation can be found in [35]. Again, scale
factors are obtained from Monte Carlo and data separately using the following parameterization:

1

= T3 A0 (6:5)

In

Figure (6.8) shows AS as a function of 74 for both, data and Monte Carlo.

6.3.3. Normalization

Since Equation (4.7) forces the transfer functions to be normalized to one, a proper normalization
has to be applied. Naturally, the double-gaussian parameterization fulfils this requirement, but
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Figure 6.8.: n-dependent corrections: AS as a function of 74, for Monte Carlo (left) and data
(right). In case of Monte Carlo the curve is symmetric around 7 = 0, in the case of data the
function was measured and parameterized with a superposition of gaussians. These functions
translate into a scale factor for the jet energies.

only with respect to energies in the range of —oc GeV to +00 GeV which is unphysical because
parton energies are positive. Therefore, the transfer functions are integrated over the jet energies
in the interval (0 GeV,300 GeV) and parameterized as a function of the parton energy:

300 GeV
N = / W (Eparton: Ejer) dEjer (6.6)
0 GeV

These integrals are the normalization factors by which the transfer functions are divided in
order to account for the physical region. Figure (6.9) shows the example for light quarks.

N\
\

\
\

3

50 100 150 200 250 300
Parton Energy [GeV]

Integral of Transfer Function

0.

2

Figure 6.9.: Additional normalization factor due to a cut on the physical region.

Due to the finite range of integration in case of the light jet (0, 300 GeV), the integral of
the transfer function is also lower for larger values of the parton energy. This is accounted for
during the integration.
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7. Monte Carlo Studies and Application to
Data

The following chapter describes the application of the method to Monte Carlo events and data.
First, parton level information is used in order to test the method and study features of the
matrix elements involved. As a next step, these events are used to study the finite energy
resolution of the detector. Therefore, the energies of the quarks are smeared according to the
expected resolution, i.e. the transfer functions derived in the previous chapter. Also, the purity
of the sample is varied by adding W + 4 jets events and the effect on the mass measurement is
studied. Before applying the method to data, ensemble tests with reconstructed Monte Carlo
events are done. Here, all effects expected in data (contamination by W + 4 jets and QCD
events, initial (ISR) and final (FSR) state radiation, lepton resolution effects, etc.) are included.
The application to data follows subsequently.

Since this thesis is part of the D@ mass analysis effort [26] the ensemble tests and the
application to data are done in collaboration with Philipp Schieferdecker, LMU Munich.

7.1. First Studies of Parton Level Monte Carlo

As a first step, the method is applied to simulated #¢ events using the parton level information.
This corresponds to a perfect measurement of the kinematic properties of an event and no mixup
of partons and jets. Even though this is a rather unrealistic case it is done in order to study
the method and understand features of the ingredients such as the matrix elements. For that
reason only ¢t events are used in this section, where no further event selection was applied to
the sample. The influence of background contributions is studied separately and is discussed in
the next section.

The tt events used in this step are generated with the MADGRAPH generator, where no parton
level cuts are applied. Samples of 1000 events are produced for top quark polemasses ranging
from 140 GeV/c? to 200 GeV/c2.

Figure (7.1) shows the distribution of both, top quark and W boson masses (hadronic and
leptonic separatly). Since no detector resolution is involved, the widths of all four distributions
are essentially close to their nominal value, i.e.

Liop ~ 1.4 GeV/c2
Ty ~ 2.0 GeV/c?
(7.1)

Assuming a perfect detector with full geometric coverage the acceptance is a constant (Acc(x) =
1).

The transfer functions, discussed in the previous chapters, are set to §-functions in order
to account for a perfect angular and energy resolution. Thus, the integrals in Equation (5.8)
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Figure 7.1.: Top: hadronic (left) and leptonic (right) invariant mass spectrum of the top
quark calculated from the decay products. Bottom: hadronic (left) and leptonic (right)
invariant mass spectrum of the W boson calculated from the decay products. The polemass of
the top quark in this particular sample is 175 GeV/c?. The fits to the histograms are Breit-
Wigner functions.

simplify in such a way that the integrand has to be evaluated at the measured (in that case the
produced) values. In this scenario, only the correct jet parton combination is taken into account.
Also, since all kinematic objects (leptons and jets) are known precisely only one neutrino solution
contributes. The kinematic solver is not used in this case.

The probability for each event is calculated taking into account the constraints mentioned.
Figure (7.2) shows the likelihood for single, typical events as a function of the top mass hypoth-
esis. The events are taken from a sample with 175 GeV/c? top quark polemass. As expected
the likelihoods in (a) - (c) peak nicely in a region close to 175 GeV/c2. (d) shows a likelihood
with two peaks. This is due to the fact that in this particular event the values for the hadronic
and leptonic top quark mass differ. Even though the top width is of the order of 1.4 GeV/c?
(see Figure (7.1)) events with different top masses occur frequently. As can be seen from these
plots, the probability is fully dominated by the Breit-Wigner terms in the matrix element. The
observed likelihood curves fully agree with the expectation.

As a closure test, the likelihood of the whole sample is calculated for each sample, i.e. for
different top quark polemasses. Figure (7.3) (left) shows the likelihood for the 175 GeV/c?
sample. In Figure (7.3) (right) the measured top quark mass is plotted as a function of the true
mass. A straight line fit is performed obtaining parameters which are consistent with a slope
of 1 and an offset of 0 GeV/c2. In order to minimize the correlation between slope and offset,
the values are shifted into the center of gravity of the points during the fit. This procedure is
followed throughout the whole analysis.
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Figure 7.2.: Likelihood for single tf events as a function of a top quark mass hypothesis. The
events are taken from a sample with a top quark polemass of 175 GeV/cQ. The likelihood
curves in (a) - (c) peak nicely in a region close to 175 GeV/c2. In (d) two peaks are observed.
These occur because the hadronic and leptonic top mass differ (here: m}2? = 175.04 GeV / c?,

top
myeh = 181.64 GeV/c?).
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Figure 7.3.: Left: Likelihood of all events in the sample with a top quark polemass of
175 GeV/c?. Right: Measured top quark mass vs. polemass. The fitted straight line is
consistent with a line of slope 1 and offset 0 GeV /c”.

Concluding the studies done based on parton level information, an unbiased estimator of the
top quark mass is found. Figure (7.3) shows the consistency and stability of the estimator. As
mentioned previously, no detector resolution effects or background contributions are taken into
account so far. The former is introduced in the next section.
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7.2. Studies of Smeared Parton Level Monte Carlo

As a next step, the influence of a finite jet energy resolution is studied. Therefore, Monte Carlo
events are generated (again using the MADGRAPH generator for ¢¢ events) and the jet energies
are smeared according to the energy resolution. Also, W + 4 jets events are generated using
the ALPGEN generator and also here the energies are smeared. Two different sets of smearing
functions are used to account for the detector resolution. First, a gaussian function with a
width proportional to the square root of the parton energy is used (this is motivated by the
energy resolution expected from calorimeters), and second the set of transfer functions used in
the analysis of reconstructed Monte Carlo and data events (i.e. a double gaussian). Of course
both, the smearing of the parton level energies and the resolution (transfer functions) used in the
calculation of the probability have to be the same. In the following the case of double gaussian
transfer functions is discussed only.

7.2.1. Comparison on Event by Event Basis

Figure (7.4) shows the masses of the two top quarks and W bosons reconstructed from the decay
products. As expected the finite energy resolution leads to a broadening of these distributions
compared to those displayed in figure (7.1).
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Figure 7.4.: Top: hadronic (left) and leptonic (right) invariant mass spectrum of the top
quark calculated from the decay products. Bottom: hadronic (left) and leptonic (right) in-
variant mass spectrum of the W boson calculated from the decay products. In this case the
energies of the jets are smeared according to the energy resolution leading to broader distribu-
tions.

Since the energy resolution is assumed to be finite, the integrals in Equation (5.8) have to
be performed numerically. The techniques used in case of the signal and background probability
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are described in the previous chapters. All combinations of jet parton assignments as well as
all solutions obtained from the kinematic solver are taken into account. It should be mentioned
that all jets considered in the variety of combinations come from the ¢z or W + 4 jets event, i.e.
there are no contributions from initial state (ISR) or final state radiation (FSR) at this stage of
the analysis. Those influences are dealt with in the next section. At the reconstruction level, it
is not possible to assign jets to partons.

In this part, the influence of the geometrical acceptance is not taken into account. Therefore,
no cuts on the events are introduced and the average acceptance is again set to 1.

Figure (7.5) shows the calculated likelihood of one particular ¢t event taking into account only
the signal probability. On the left hand side the jet energies are not smeared (so the calculation
is identical to that described in the previous section, only that all jet parton combinations are
taken into account), on the right hand side the jet energies are smeared according to the assumed
resolution. From the comparison of both figures it is obvious that a finite energy resolution will
increase the statistical uncertainty, i.e. the curve on the right hand side is much broader than
the one on the left hand side. The shift of the minimum value of the likelihood can be explained
by the fact that the invariant mass of the sum of decay particles does not have to be close to
the polemass of the sample, as can be seen in Figure (7.4).
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Figure 7.5.: Comparison of a single event with (left) perfect and (right) finite energy resolu-
tion. Again, the ¢ sample with a top quark polemass of 175 GeV/c? is used. In this particular
case, the purity of the sample was set to 1.

Figure (7.6) shows four more examples of the likelihood (again using only the signal prob-
ability). (a) - (c) are tt events, (d) is a W + 4 jets event. In the former case the curves peak
around the polemass whereas in the latter case the negative log-likelihood increases steadily, i.e.
the likelihood increases to low masses.

So far, only the signal probability is taken into account. In order to estimate the mass of
the top quark correctly, also the purity of the sample has to be estimated. This is done by
minimizing the negative likelihood with respect to the purity (c¢1) for each mass hypothesis and
then minimize the negative likelihood according to the mass hypothesis at these points. Figure
(7.7a) explains this procedure graphically. An example for the minimization with respect to c;
(with mye, = 170.0 GeV/c? fixed) is displayed on the right hand side of Figure (7.7).
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Figure 7.7.: Left: Minimizing the negative likelihood: for each mass hypothesis the negative
likelihood is minimized with respect to ¢; and afterwards with respect to the top mass at the
calculated values for ¢;. The plot shows the minima in the ¢;-likelihood. Right: Minimization
of the likelihood with respect to c;. In this example the top mass hypothesis equals the polemass
(170 GeV/c?) and the input purity of the sample is 0.5.
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7.2.2. Ensemble Tests

In order to reduce the statistical uncertainty and to account for the expected number of ¢t events
in the measured sample, ensemble tests are done. From a pool events are drawn randomly and
ensembles of 60 events are built for which the negative likelihood is minimized. Since the final
calibration to data is done with reconstructed Monte Carlo events, the procedure of ensemble
tests is described in more detail in the next section.

Using a sample with a top quark polemass of 170 GeV/c? these tests are done for varying
purities. For a pure signal sample, i.e. ¢; = 1, the distribution of measured masses is plotted
on the top left of Figure (7.8). As can be seen from there, a slight shift (~ +2.6 GeV/c?)
towards higher masses is found. In order to estimate the effect, the distribution of the statistical
uncertainties and the pull distribution are shown in the bottom plots of Figure (7.8). In case of
a gaussian distributed error, the width of the pull is supposed to be unity, which is almost the
case here (o ~ 1.1). A discussion of the shift and the pull width follows in section 7.2.4.
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Figure 7.8.: Top left: Distribution of measured masses in ensemble tests. Each ensemble con-
sists of 60 ¢f events without background contribution. The polemass of the sample is 170 GeV/ c2,
so a slight shift towards higher masses is observed. Top right: Distribution of the statistical
uncertainty of each ensemble. Bottom left: The pull distribution for the ensembles described
in the text. Although the width of the pull is consistent with 1, the mean value is slightly shifted
towards higher masses as can also be observed in the top left plot. Bottom right: Calibration
curve for the purity. Fitting a straight line to the points, a slope less than one is found.

The influence of background contamination is shown in Figures (7.8) and (7.9). Figure (7.8)
shows the estimated purity as a function of the actual input purity. The straight line fit gives
a slope of 0.93 & 0.03 and an offset of 0.06 £+ 0.02. Figure (7.9) shows the measured mass as a
function of the input c¢;. It can be concluded that (given the limited statistics) no systematic
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shift occurs due to adding background events (in this case only W + 4 jets), although the overall
shift is still visible. In order to obtain a measure of the expected statistical uncertainty, Figure
(7.9) shows the uncertainty multiplied by the width of the pull. This is done in order not to
underestimate the statistical error.
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Figure 7.9.: Left: Measured mass as a function of purity. Within the statistical uncertainty
no systematic effect due to background contributions is observed. Towards very low purity,
however, a small trend toward lower masses might show up. Right: Statistical uncertainty as
a function of the purity of the ensembles. In order to not underestimate the error, the values
are multiplied with the width of the pull (between 1.0 and 1.5).

7.2.3. Discrimination between Signal and Background

Since event probabilities for ¢t and W + 4 jets production are calculated, a certain discrimination
power between signal and background samples is expected. Figure (7.10) shows a scatter plot
of signal vs. background probability for a pure ¢t and W + 4 jets sample. Also displayed is the
line of equal probabilities. The signal probability is evaluated at the polemass of the sample in
order not to bias the distribution. As can be seen from there, both samples can be separated
quite well. As taken advantage of in the Run I analysis, the background probability has a certain
discriminative power. However, since effects like mismatching due to ISR/FSR and QCD events
are missing at this stage of the analysis, the study can only determine qualitative behaviour.
Additional studies on the discrimination are done for the case of reconstructed Monte Carlo.

7.2.4. Calibration of the Mass Estimator

Concluding from the measurement of smeared parton level events, a systematic shift in the
top mass is observed. This bias does not depend on the fraction of background events in each
ensemble so it can be calibrated. The reason for the observed shift are under investigation.
Because the parton-level tests are all successful, the technical implementation of the integration
might bias the result. Also, the narrow width approximations for the top and W masses can be
an error source. These effects have to be revisited and studied in detail and are, for the time
being, considered as systematic uncertainties from the signal modeling. A calibration curve for
the mass estimator (as well as for the expected uncertainty, etc.) is derived from reconstructed
Monte Carlo since in that case all additional effects expected in data (detector acceptance and
efficiency, ISR/FSR, QCD coustributions, etc.) are included. The evaluation of the signal and
background probabilities are very CPU-time intense so any further studies are discussed in the
next section.
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Figure 7.10.: Signal vs. background probability for pure ¢ and W + 4 jets samples. A certain
discrimination between the two physics processes involved is possible.
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7.3. Studies of Reconstructed Monte Carlo Events

Before applying the method to data, ensemble tests have been performed using reconstructed
Monte Carlo events. These are generated using the ALPGEN event generator (interfaced to
PYTHIA [36] in order to simulate the showering process) and subsequently reconstructed in the
GEANT detector simulation!. A list of samples used in the following can be found in Table (7.1)
and in Appendix D. #t samples with different polemasses are available in the reconstruction
version pl4. In case of the background, W + 4 jets events are generated and reconstructed in
the same way as the signal events. For the QCD contributions, data events are selected using
the selection criteria described in [1] since no Monte Carlo generator for “misreconstruction” is
available for the processes involved. The relative mixture of the ¢, W + 4 jets and QCD events
for the ensemble testing are determined from data, as described in the following section.

Sample Number of events comments

150 GeV/c? tt 600 no MPT

160 GeV/c? tt 300 no MPI

170 GeV/c? tt 300 no MPI

175 GeV/c? tt 1000 no MPI

175 GeV/c? tt 300 MPI

180 GeV/c? tt 300 no MPI

190 GeV/c? tt 300 no MPI

200 GeV/c? tt 600 no MPI

W + 4 jets(I) 1000 hard parton level cuts, no MPI
W +4 jets(I) 1000 hard parton level cuts, MPI
W + 4 jets(1T) 1000 soft parton level cuts, MPI

Table 7.1.: Monte Carlo samples used in this analysis. The roman numbers refer to Samples 1
and IT in Table (7.2)

Due to a bug in the ALPGEN interface to PYTHIA both, the ¢ and W + 4 jets sample do
not account for multi parton interactions (MPI), i.e. no soft underlying events are added to
the events. For that reason the ¢¢ sample with a polemass of 175 GeV/ ¢? and the W +4 jets
sample were regenerated. The effect of multi parton interactions on the mass measurement is
discussed in Chapter 8 on systematic uncertainties.

As discussed in the next chapter, the W + 4 jets sample was also regenerated with different
settings. This is done because the data to Monte Carlo comparison shows much better agree-
ment with the alternative setting (sample II in Table 7.1) of parton level cuts (for settings see
Table (7.2)).

Figure (7.11) shows the masses of the hadronic top quark and the W boson reconstructed
from their daughter particles. As expected, the finite energy resolution leads to a broadening of
these distributions compared to those displayed in Figure (7.1).

!Since in principle it would be much more consistent to use the same matrix element for the event generation
and subsequent anaylsis, no fully reconstructed MADGRAPH events are available at the moment.
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Cut Sample I Sample IT

jet pr > 12 GeV > 8 GeV

jet |n| < 3.5 < 3.0
dR(jet, jet) > 04 > 04
neutrino pr > 8 GeV -

lepton |7| < 2.7 -

MPI no yes

PDF set CTEQ6.1M CTEQ5L
Factorisation scale | Q% = M2, /4 | Q> = M2, + > p=

Table 7.2.: Settings of the W 4 4 jets samples. Sample I has harder parton-level cuts than
Sample TI.

N1 jet_mass_top_had h_jet_mass_W_had
Entries. 592 Entries 592
Mean 1753

RMS 2189
¥/ naf 15.78/18
Prob 06079
Constant  78.23 +4.142
Mean 174.9 £ 0.8632
Sigma 20.59 +0.681

9

8

Mean 82.49
RMS 1167
X%/ ndf 31.77/39
Prob 0.7877
Constant 3142 £ 1676
Mean 8224 +0.4942
11.33 + 0.3797
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Figure 7.11.: Left: Hadronic top mass for a generated value of my,, = 175 GeV/c?. Right:
Hadronic W mass. Both masses are reconstructed using the correct (parton matched) jets.
Due to the finite energy resolution the distributions are much broader than those shown in
Figure (7.1).

Event Selection and Acceptance

The selection criteria used for the mass analysis follow those of the #f cross section measure-
ment [1]. Table (7.3) summarizes the cuts applied to the samples. In contrast to the cross
section measurement no soft lepton veto is required since this analysis is not intended to be
orthogonal to the soft-lepton tag analysis. Also, only events with exactly 4 jets are selected.
This requirement accounts for the fact that the matrix element describes 4 jets at leading order,
i.e. no additional jets (ISR/FSR) enter the calculation of the probability. This way it is possible
to match each jet to a parton in the matrix element. Further studies on how to include events
with more than 4 jets will be done in the future.

As mentionend earlier, the average acceptance depends on the top mass given the kinematic
constraints of the event selection. It is calculated using Equation (5.11), but instead of using
the number of observed events, each event is given a certain weight according to the trigger
efficiency. For that reason N, is replaced by the sum of the weights of all events passing the
criteria displayed in Table (7.3). A more detailed description of the event selection can be found
in the cross section analysis [1]. The acceptance for ¢t events is calculated for each sample
and plotted as a function of the top mass (Figure (7.12)). Note that in case of the electron
channel only the central calorimeter (CC) is used for the lepton reconstruction. In case of the
background, the average acceptance is calculated for W + 4 jets events:
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Criterion e+ jets u+ jets
Vertex

|ZPV| < 60 cm < 60 cm
Niracks attached to vertex >3 >3
Muon

Muon quality - medium, nseg=3
track match - required
Cosmic veto - required
T - >20 GeV
Isolation - tight isolation
DCA significance - < 3, Az(u,PV) < 1cm
Electron

emf > 0.9 -

iso < 0.15 -

hmx8 <75 -
associated track required -

T > 20 GeV -
Likelihood > 0.75 (CC) -
Neutrino

Missing ET > 20 GeV > 17 GeV
AD(l,met) cut applied applied
Ad(leadingjet, met)cut - applied
Jets

T > 15 GeV > 15 GeV
| < 2.5 <25
Additional Vetoes

Second Electron Veto required -

Table 7.3.: Event preselection criteria used in this analysis. In addition to the cross section
analyses, the number of jets is restricted to exactly 4. Also, no soft lepton veto is applied here.

< Acc >W(—>el/)+4jet8 = (31 + 01)%,
< Acc W (o) +4jets — (30 + 01)%

In order to further increase the purity of the sample the background probability is used as a
discriminative quantity. Figure (7.13) shows the background probability distributions for #t,
W + 4 jets and QCD events in both channels. The distributions are all normalized to 1 to
study their discriminative power. From the plots it follows that W + 4 jets and QCD events
look similiar in terms of background probability as is expected since the jets in both event classes
are produced by the same QCD mechanism. Furthermore, the t¢ and background distributions
overlap.

Note, that the background probabilities in Figure (7.13) are not corrected for the accep-
tance because the latter depends on the cut value. This can be seen on the right hand side
of Figure (7.12), where the efficiency of the background probability cut on the ¢ sample with
respect to the preselected sample is plotted as a function of the top polemass. For softer cuts
the efficiency approaches values close to 1, while for harder cuts a mass dependence becomes
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Figure 7.14.: Purity vs. background probability cut value for e + jets (top) and u + jets
(bottom) together with the number of events.

visible.

The cut value is chosen such that on the one hand the discrimination between signal and
background is reasonable and on the other hand that not too many top events are cut out.
From the distributions in Figures (7.13) and (7.14) it is concluded that a cut on the background
probability of

Pokg < 10-14:0

is appropriate. Variations of 10714%0-5 in the cut value are studied in analogy to the Run I anal-
ysis and confirm its stability (see ensemble tests and Chapter 8 on the systematic uncertainties).
Also, events are not included that have a signal probability of 0 for at least one mass hypothesis.
This is done to ensure the continuity of the likelihood curve.

Due to the fact that partons from initial or final state radiation might be misidentified as
partons from the ¢t process, an additional source of uncertainty enters the mass estimation. Since
the Matrix Element Method does not account for this possibility, the influence of ISR/FSR has
to be studied and calibrated. This procedure is introduced further in this section. Figure (7.15)
shows the distribution of matched jets in the 4** jet multiplicity bin using varying AR radii as
matching criterion. For AR < 0.3 the matching efficiency for 4 jets is roughly 60%.
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Figure 7.15.: Efficiency for jet-parton matching in the 4" jet-multiplicity bin using different
A R-criteria.
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Ensemble Tests

Following the descriptions given in the previous sections, the signal and background probability
for each event are calculated and corrected for the acceptance. Since an estimate on the number
of tt events in the data sample is given from the cross section measurement, ensemble tests are
done for this estimated value of t£, QCD and W + 4 jets fraction in the event sample. In order
to obtain the relative fractions of events, the 15 and 2°¢ matrix methods are used which are also
described in [1]. First, the QCD events in the data sample are separated from the rest. In the
second step, the remaining events are divided into ¢ and W + 4 jets contributions, where the
224 matrix method is used to separate the samples. Additionally, only those events are selected
that have exactly 4 jets. The numbers obtained for the e + jets and u + jets channels after
the preselection are summarized in Table (7.4).

Contribution | e 4+ jets | u + jets
tt 30.8T15% | 20.77 0
W +4jets | 81.2710% | 56.5133 ¢
QCD 25.0722 | 6.770%

observed 137 93

Table 7.4.: Contributions of tZ, W + 4 jets and QCD in the data sample before the background
probability cut. The numbers are calculated using the first and second matrix method.

The numbers obtained for the e + jets and u + jets channels after the background proba-
bility cut (final event selection) are summarized in Table (7.5)

Contribution e + jets | p + jets
tt-fraction 0.43870708 | 0.47175:150
QCD-fraction 0.110 0.053
observed number of events 49 44

Table 7.5.: Contributions of tt, W + 4 jets and QCD in the data sample after the background
probability cut. The numbers are calculated using the first and second matrix method.

Ensembles with contributions according to the numbers in Table (7.5) are built for samples
with masses 150 GeV/c?, 160 GeV/c?, 170 GeV/c?, 175 GeV/c?, 180 GeV/c?, 190 GeV/c?,
and 200 GeV/cQ. Although the Standard Models predicts a cross section which depends on
the top quark mass, the number of top events in the ensemble is not varied for the different
polemasses. This is done in order to be independent of the cross section constraint, rather the
estimate from data is used. 500 ensembles are built from the pool available with a number of
events such that the sum of (trigger-)weights equals the sum in Table (7.5) stated above. The
following describes the ensemble tests at a top quark polemass of 175 GeV/c? in the e + jets
and u + jets channels. Afterwards, the calibration curves for the mass measurement are derived.
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e + jets channel

Figure (7.16) shows the distribution of measured masses for the 175 GeV/c? sample in the
e + jets channel. A gaussian is fitted to the distribution giving a mean of 178.6 + 0.3 GeV/ ¢
and a sigma of 6.94+0.25 GeV/ ¢®. The observed shift is expected from the analysis with smeared
parton level events as discussed in the previous section. A calibration curve is derived in the
following and applied to the following distributions. Figure (7.16) also shows the distribution of
the statistical uncertainties of the ensembles, as well as the pull distribution. For an unbiased
estimate with gaussian errors one expects a mean of zero and a width of unity for the pull
distribution. A gaussian fit applied here yields a mean of —0.28 £0.06 and a sigma of 1.26 £ 0.05.
The slight difference from 0 in the mean is due to an overcorrection at a top mass of my,, =
175 GeV/c? as will be seen in the following. The expected statistical uncertainty is defined as
the width of the gaussian fit to the mass distribution, which in this case is 6.9 GeV/c2.

‘ M = 175 GeVic? (e+jets)

etjets: Mass Mass etjets: AMass MassError
Entries 496
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Figure 7.16.: Top left: Distribution of the uncorrected measured masses for 500 ensembles
in the e+ jets channel. The gaussian fit gives a mean of 178.6 + 0.3 GeV/c2 and a sigma
of 6.94 + 0.25 GeV/cQ. Top right: Distribution of the statistical error as obtained from the
likelihood. The mean is 5.44 GeV/ ¢?. Bottom left: Pull distribution. The gaussian fit gives a
mean of —0.28 £0.06 and a sigma of 1.26 +0.05. Bottom right: Distribution of the estimated
purity. The latter three plots are made after the mass calibration correction.
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Since the width of the pull is significantly different from unity, further cross checks have been
done. Figure (7.17) shows the pull for a second ensemble test similiar to the previous one, but
without QCD contribution. As can be seen from there, the width of the pull does not decrease
and it is therefore concluded that, although the QCD contribution in the e + jets channel is
larger than in the p + jets channel, the effect comes from a different source. Section (7.4) shows
a comparison of data to Monte Carlo for several important quantities which led to speculations
on the quality of the electron identification.

MassPul
Entries 490
o 90— Mean -0.5881
L Eo RMS 1.507
'g 80 |- ¥2/ ndf 23.13/16
o) g ‘”422“’= 175 GeVIc’ (ovjets) / Prob 0.1104
g 70 o Constant ~ 87.21+ 5.38
w ook Mean -0.525 + 0.059
kS o Sigma 1.282+ 0.052
& s0f ]
Q o
§ 40 F
2t
30 F
20F /_
10 [
bl i Y -\bl...

-10 -5 0 5 10 ‘
Pull

Figure 7.17.: Pull for a second ensemble test similiar to the previous one, but without QCD
contribution. The width of the pull does not descrease.

The ensemble tests are repeated for the different mass samples. Figure (7.18) shows the
measured mass as a function of the input polemass fitted with a straight line. The parameters
are a slope of 1.02 £+ 0.03 and an offset of 4.90 + 0.53 GeV/ ¢2. This linear correction is applied
to the bare measured mass in the e + jets channel. The shift in the mass distribution was also
observed in the previous chapter. In the case of reconstructed Monte Carlo multiple solutions
from the kinematic solver and contributions from wrong jet/parton combinations can have an
additional impact on the mass. Also, wrong assignments of jets due to initial and final state
radiation have an impact on the measured mass. Additionally, it is worth mentioning that the
Monte Carlo generator used to produce the partons is not the same as the one used in the
analysis. The former does, for example, not account for the finite width of the top quark and
the W boson. These issues will be studied in more detail in the future. Figure (7.18) also shows
the statistical uncertainty on the mass measurement, taken from the width of the measured top
mass distribution (so this is implicitly corrected for the width of the pull), and the width of
the pull assuming ensembles similiar in size and contributions to those described earlier. In the
bottom right of Figure (7.18) the calibration curve for ¢; is plotted as a function of the input
purity and also fitted with a straight line.

In order to check the stability of the background probability cut, Figure (7.19) shows the
measured mass and the statistical uncertainty as a function of the cut value for the 175 GeV /c?
sample. The stability is reasonable within an interval of +1GeV /c? and is dealt with as a source
of systematic uncertainty. Cutting at background probabilities of 10714 or lower one starts
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Figure 7.18.: e + jets channel. Top left: Mass calibration, a constant offset of 4.90 GeV/c?
is observed. Top right: Statistical uncertainty as a function of the top mass. Bottom left:
Width of the pull distribution as a function of the top mass. Bottom right: Measured c; as a
function of the input purity.

cutting into the signal, starting to cause a slight bias in mass and an increase in the statistical
error. Also shown is the mass and the statistical error as a function of the sample purity ¢;. It
can be seen that at purities below ~ 20% the method has difficulties to measure the mass in an
unbiased way, while the statistical error decreases continuously with increasing sample purity.
In addition, Figure (7.19) demonstrates by how much the calibrated measured mass distribution
increases or decreases when varying the sample purity ¢; by one sigma around its measured
value. More on these cross-checks is discussed in Chapter 8 on systematic uncertainties.
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Figure 7.19.: e + jets channel. Top: Calibrated measured mass (left) and statistical un-
certainty (right) as a function of the background probability cut for the 175 GeV/c? sample.
Both are stable within +1 GeV/c?. Middle: Uncalibrated measured mass (left) and statistical
error (right) as a function of the sample purity c;. As expected, the uncertainty increases with
decreasing top contribution. Bottom: Corrected measured top mass for ensembles with the
top purity increased (left) and decreased (right) by one sigma of the measured ¢; value.
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i+ jets channel

For the u + jets channel the ensemble tests are done following the same procedure as in the
e + jets channel. Again, the ¢ sample with a polemass of 175 GeV/c? is shown as an example.
Figure (7.20) shows the distribution of the measured top mass, exhibiting a shift of ~ 5 GeV/c2,
the distribution of the statistical errors with a mean of 5.6 GeV and the pull distribution with
a mean of 0.08 £ 0.05 and a width of 1.08 £ 0.04. This indicates that the error calculation is
essentially unbiased and does not need any further correction.
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Figure 7.20.: Top left: Distribution of the uncorrected measured masses for 500 ensembles
in the p+ jets channel. The gaussian fit gives a mean of 180.2 £+ 0.3 GeV/c2 and a sigma
of 7.33 £ 0.25 GeV/c?. Top right: Distribution of the statistical error as obtained from the
likelihood. The mean is 5.6 GeV/cZ. Bottom left: Pull distribution. The gaussian fit gives
a mean 0.08 £ 0.05 and a sigma of 1.08 & 0.04. Bottom right: Distribution of the estimated
purity. The latter three plots are made after mass calibration.

Here, a straight line calibration of slope 1.19 4 0.04 and an offset of 4.43 + 0.58 GeV/c2
is observed and applied to the u + jets data. The corresponding mass calibration curve is
shown in Figure (7.21). Figure (7.21) also shows that the expected statistical uncertainty is
Oeap = 6 GeV/ ¢? before a correction is applied. The pull and ¢; distributions are shown in the
bottom right plot of Figure (7.21).

67



(. WVIOILC LallO oltudiCs alld Appiicatioll tO Vata

N’-' 40 - - N’-' 10 F =
L2 I A ] L o F E
o Ff 13 F E
o, g Offset: 4.425 £ 0,575 GeV/c? / 1 8 B E
o 2 Slope: 1.193 +0.038 et 1 & 7 E 'lf B
o r i 7 E E
':'. woF §/ 1 © ef S T e N N — t :
st Pt { | by :
e of . E E
E g /( ] af 1

a0 f { sl f

20| ] F ]

e 1 1f 1

-30 E Ll TR T L TR T TR \7 O E\ Il TR T Ll TR T Ll L \E

-30 20 10 0 10 20 x -30 20 710 0 10 20 E

2 2

Migp - 175.0 [GeVicT] : Miop - 175.0 [GeV/c]

= 2 9w 1p -

g F 1 ¢ F E

18 B 1 Ed—c 0.9 E :

L6 1 08 Offset: -0.031+0.005 |

14 [ . 07 E Slope: 0.654 +0.010 |-« E

12} t 4 06 F Rl =

g — g ;

1F $orendnnne geesesdsnasy Lr:.’..’.‘.._: ................. E 05 F o / ]

e t ; “E ;

08 f ] 04 et d ]

06 f ] 03 /'/ E

l E ] TE /‘ E

04 f . 02 F 8 e

02 f ] 01f ]
30 20 710 0 10 20 x 0.2 0.4 0.6 08 1

2 input

m,, - 175.0 [GeV/c’] cheu

Figure 7.21.: y+ jets channel. Top left: Mass calibration, a linear correction of slope 1.19
and offset of 4.43 £ 0.58 GeV/ ¢? is observed. Top right: Statistical uncertainty as a function
of the top mass. Bottom left: Width of the pull distribution as a function of the top mass.
Bottom right: Measured c¢; as a function of the input purity.

In order to check the stability of the background probability cut, Figure (7.22) shows the
measured mass and the statistical uncertainty as a function of the cut value for the 175 GeV /c?
sample. The stability is good within an interval of +1 GeV/c? and is considered as a source
of systematic uncertainty. Cutting at background probabilities of 107!4® or lower one starts
cutting into the signal, starting to cause a slight bias in mass and an increase in the statistical
error. Also shown is the mass and the statistical error as a function of the sample purity c;. It
can be seen that at purities below ~ 20% the method has difficulties to measure the mass in an
unbiased way, while the statistical error decreases continuously with increasing sample purity.
In addition, Figure (7.19) demonstrates by how much the calibrated measured mass distribution
increases or decreases when varying the sample purity ¢; by one sigma around its measured value.
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7.4. Application to Data

Having studied the method in reconstructed p14 Monte Carlo events it is applied to data in the
following. The event selection is the same as described in Table (7.3). For e+jets and p+jets
a data set of 168.7 pb~! and 158.4 pb™! is analyzed respectively, yielding 49 e+jets candidates
and 44 u+jets candidates.

A data to Monte Carlo comparison of the most important variables is shown in Appendix E.
The data to Monte Carlo comparison of the background probability distribution has been
studied in some more detail, in particular with respect to improvements in the simulation of
W + 4 jets events. Three sets of W + 4 jets Monte Carlo events are used for this comparison:
W + 4 jets events without underlying events added in (the result of a bug in the ALPGEN gener-
ator), W + 4 jets events with the soft underlying event added according to the so-called tuneA
parametrization, and W + 4 jets events with the soft underlying event added and lower parton
level cuts on the generator level. The resulting distributions of the background probability are
shown in Figure 7.23 and Figure 7.24 in comparison to the data for the e+jets and u-+jets

channel, respectively.
b
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Figure 7.23.: Data to Monte Carlo comparison of the background probability distributions for
W + 4 jets Monte Carlo without soft underlying event (top left), with soft-underlying event
(top right), and with soft-underlying event for lower parton level cuts on the generator level
(bottom right) in the e+jets channel.
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Figure 7.24.: Data to Monte Carlo comparison of the background probability distributions for
W + 4 jets Monte Carlo without soft underlying event (top left), with soft-underlying event
(top right), and with soft-underlying event for lower parton level cuts on the generator level
(bottom right) in the p+jets channel.

As can be seen from these plots, in the e + jets and p+ jets channel the latest Monte
Carlo events do give a good description of the data, also at high background probabilities, a
background dominated region.

Applying the above described procedure to the selected [ 4+ jets events, event likelihoods
as a function of top mass hypotheses are obtained, where the top mass hypothesis is already
corrected for the offset and slope observed in the ensemble testing using Monte Carlo events
(see previous section). A 4th-order polynomial is fitted to the likelihood points in the likelihood
minimum f%g GeV. Also shown is the likelihood as a function of the uncalibrated purity c;
for the top mass hypothesis of the global likelihood minimum. The resulting c¢; value, after
calibration, is the measure of the ¢t fraction in the selected data sample. Figures (7.25) and
(7.26) show the corresponding plots for the e+jets channel, Figures (7.27) and (7.28) for the
pu+jets channel.

The results of the likelihood fits are summarized in Table (7.4).
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Figure 7.25.: Event likelihood as a function of the calibrated top mass hypothesis in the e+jets

channel.
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Figure 7.26.: Event likelihood as a function of the uncalibrated sample purity ¢; in the mass

minimum for the e+jets channel.

channel mass fit 1 fit (uncalibrated)
etjets | 175.170%(stat.) GeV/c? 0.167007
ptjets | 1701711 % (stat.) GeV/c? 0.05+0:5¢

Table 7.6.: Result of the likelihood fit with respect to the top mass and the purity ¢; in the

e+jets and the u+jets channel.
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Figure 7.27.: Event likelihood as a function of the calibrated top mass hypothesis in the u-+jets
channel. Top left: Likelihood including all p+jets events. Top right: Likelihood without run
163527 event 12847872. Bottom left: Likelihood without run 179306 event 25499994. Bottom
right: Likelihood without both aforementioned events.
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Figure 7.29.: Event likelihood as a function of the calibrated top mass hypothesis, combined
for e + jets and p + jets channels by adding the likelihood curves.
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The top mass for the combined sample is obtained from adding the likelihood fit curves
obtained in the single channels and finding its minimum and its statistical error (Figure (7.29)).
The top mass obtained from this combination procedure is

Mgy = 174.1729(stat.) GeV/c? (7.2)

7.4.1. Single Event Likelihoods and Muon Resolution

In case of the muon channel the likelihood “jumps” at values around my,, = 200 GeV/c2
and drops to larger values of top masses. After reviewing the single event likelihoods two
events are found to give rise to this behaviour. Also, defined in the standard procedure of this
analysis, events with a signal probability of 0 are removed. This does not happen in the e + jets
channel, but for 5 events in the y + jets channel (one of these five events fails the background
probability cut). It is concluded that the observed effects are due to the muon resolution and
its parameterization by a d-function. In principle an integration over the muon resolution has
to be performed which is not done here in order to keep the CPU consumption in an acceptable
limit.

Figure (7.30) shows the single likelihood curves of an event which caused the jump in the
likelihood. For each plot the transverse momentum of the muon is changed with respect to the
measured momentum in steps of 5 GeV/c. The measured value in this case is pr = 157.9 GeV/c
(top right), the variation ranges from -15 GeV/c to +60 GeV/c (for smaller transverse muon
momenta the signal probability is zero). This variation is done in order to estimate the effect of
considering the muon resolution. As can be seen the jump in the likelihood vanishes for higher
muon momenta. Figure (7.31) shows the average of the likelihoods displayed. From this it can
be conclued that an integration over the muon momentum would lead to continous likelihood
curves as is found in the case of electrons. The same argument holds for the events which had
to be removed because the signal probability is zero.

Table (7.7) shows the kinematic properties of the two events which cause a jump in the
likelihood curve and the strong drop off to higher top mass hypotheses. From the data to Monte
Carlo comparison in Appendix E it can be seen that these two events are exceptional. The first
one has a large transverse momentum of the muon (the largest in the data distribution), the
second has large missing momentum (also the largest in the data distribution) and a very high
transverse momentum of the leading jet.
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event 12847872 | event 25499994

run 163527 run 179306
muon
pr 157.33 GeV 52.22 GeV
n -0.47 0.66
¢ 4.26 0.71
1.jet
pr 64.37 GeV 146.95 GeV
n 1.86 -0.48
¢ 1.40 2.34
2.jet
pr 57.63 GeV 85.37 GeV
n 1.06 -0.04
1) 2.44 3.54
3.jet
pr 49.98 GeV 61.83 GeV
n -1.32 -1.56
¢ 6.25 4.93
4.jet
pr 24.61 GeV 58.92 GeV
n -0.81 0.09
¢ 0.59 4.61
missing Er 25.48 GeV 126.29 GeV
Hr 343.62 GeV 523.33 GeV
loglo(pbkg) -18.07 -17.13

Table 7.7.: Kinematic properties of the two events causing jumps and a drop off at higher
masses.
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Figure 7.30.: Likelihood for event 12847872, run 163527 for different values of muon momen-

tum, estimating the effect of the finite muon resolution. For large values of the muon momentum
the jump in the likelihood vanishes.
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Figure 7.31.: Likelihood for event 12847872, run 163527 averaged over the muon momenta in
Figure (7.30). This estimates the effect of an integration over the muon momentum.
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7.4.2. Event Display

As an example for the t¢ candidate events in data several event displays are shown in Figure (7.32)
for run 180402, event 4558647. On the top left, the likelihood curve for that specific event is

shown together with its kinematic properties.
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Figure 7.32.: Example for a ¢t candidate event (run 180402, event 4558647). Top left: Like-
lihood as obtained from the data sample. Top right, bottom: Event Displays in different

views.
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8. Systematic Uncertainties

In the following the systematic uncertainties on the top mass measurement are discussed. The
procedure to estimate the uncertainty is to redo the Monte Carlo calibration for the sample with
a top mass of 175 GeV/c? including a systematic variation. The difference between the measured
mass in the varied and not varied sample is quoted as systematic uncertainty, assuming only the
offset of the calibration straight line to change, not the slope. Details on the estimation of the
systematic uncertainties are discussed in [26].

The major uncertainties are the jet energy scale (JES) and the modelling of the signal and
background. The results are summarized in Table (8)and combined by adding all uncertainties
in quadrature.

Calibration Correction Since the mass calibration curve is not consistent with a slope of
1 and an offset of 0 GeV/c2 a linear correction is applied to the measured mass. Due to the
limited statistics of the Monte Carlo samples the maximal fluctuation around the input mass is
quoted as systematic uncertainty. From the Figures (7.18) and (7.21) the errors are estimated
to be:

AMEHIES  — 435 GeV/c?,

calib

AMPHIEs  — 435 GeV/c?. (8.1)

calib

Likelihood Fit Procedure The likelihood as a function of the top mass hypothesis is fit to
a 4" order polynomial. Since the likelihood does not perfectly follow the shape of a parabola or
a 4™ order polynomial (due to non-gaussian error contributions) the likelihood is only fit in a
certain mass window around its minimum. Varying the fit range by ~ £10 GeV /c? on the lower
and the upper mass range independently allows to quantify the sensitivity of the fit central mass
to the chosen mass range. The corresponding error estimates are:

AM;;J'“S = 0.5 GeV/c?,

AMPFI = 0.5 GeV/c”. (8.2)

Jet Energy Scale The uncertainty on the mass measurement due to the uncertainty of the jet
energy scale (JES) is studied by varying the energy of all jets. This is done for the 175 GeV/ 2
sample. The jets in ¢t as well as in W + 4 jets events are rescaled up and down according to
the quoted uncertainty (5% for high transverse pr, increasing linearly for values lower than
30 GeV/c) after application of the parton level and n-dependent correction. The uncertainty on
the JES is parameterized the following way:
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pr <30 GeV/c: AE = 0.3+ pr-(0.05 — 0.3)/30%,
pr > 30 GeV/c: AE = 0.05%, (8.3)

where pr and E are the transverse momentum and energy of a single jet. Details on the JES
can be found in [37].

The differences of both scaled samples are quoted as a systematic uncertainty for each channel
separately. For e + jets and pu + jets they are found to be:

AMSHE® =490 GeV/c?,
AMMEIEY =490  GeV/c?. (8.4)

Jet Energy Resolution The resolution of the jet energy has been measured in data and
MC. The MC jet energy resolution is smeared according to the data, but that procedure also
has some uncertainties. Varying the jet energy resolution smearing in Monte Carlo according to
its uncertainties propagates via a new offset in the calibration straight line to a corresponding
uncertainty on the mass of (see Figure (8.1)):

et+jets _  +1.5 2
AMjpR~ = Ty GeV/c,

AMEEIES — —10 Gev /. (8.5)

Purity of the Sample In order to estimate the influence of the purity of the sample, the
fraction signal events in Table (7.5) are varied in the ensemble composition according to the
specified error of c; (see Figure (8.2)). Ensemble tests for the 175 GeV /c? sample are done and
the maximal variation in the mass is quoted as a systematic uncertainty:

AMSIIES = 0.5 GeV/c?,

AMEFIES = £0.5 GeV/c”, (8.6)
Signal and Background Model Since it is a priori unclear how well the assumed model
describes the data, further studies have to be done. As a first step, a data to Monte Carlo com-
parison is done (see Appendix E). Reasonable to good agreement between the most important
variables is found. For the study of the background and signal models, different matrix elements
(higher order) and shower simulations like HERWIG or ISAJET should be compared. Since none
of the above quoted Monte Carlo is available the uncertainty is estimated from the studies done
in the Run I [32], and inflated by a factor of 2 to be conservative:

AM = 42 x 1.1 GeV/c?,
AMETTE = £2x 1.1 GeV/c. (8.7)
AMpHes | = +2x 1.0 GeV/c?,
AMfHeS = +2x1.0 GeV/c’. (8.8)
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Multi Parton Interactions Because of a bug in the ALPGEN Monte Carlo generator, multi
parton interactions were not included in the simulation of ¢t signal samples. Those are the
samples used to derive the mass calibration. The 175 GeV/ c? sample was re-generated with
soft underlying events included and the analysis is repeated for that particular sample. The
difference in the measured mass at 175 GeV/c? is quoted as an uncertainty due to the influence
of multi parton interactions on the signal sample (see right hand side of Figure (8.3)):

AMEHS =410 GeV/c?,
AMIHES = 120 GeV/c (8.9)

Transfer Functions The transfer functions defined in the previous sections are derived from
tt Monte Carlo events with a jet-parton-matching requirement. The obtained parameters are
varied within the error from the fit and the distribution of invariant masses was used to estimate
a systematic uncertainty due to the transfer functions:

AMEF® =410 GeV/c?,
AMEEI® =410  GeV/c?. (8.10)

Acceptance Corrections Due to the limited statistics for the acceptance corrections a second
set of parameters for the polynomial is derived, mainly propagating the uncertainty in the overall
normalization of the acceptance. The systematic uncertainty due to the parameterization is
quoted as:

AMEH = 401 GeV/c?,

acc

AMELIES = 401 GeV/c? (8.11)
Muon Resolution In the calculation of the event probabilities, a perfect measurement of the
charged lepton energy is assumed. This is essentially a good approximation for electrons due
to the resolution of the calorimeter. However, the resolution for muons is worse and therefore
effects on the mass are studied in Monte Carlo. This is done by replacing the reconstructed
muon by the generated muon, i.e. making use of the parton level information. Ensemble tests
for the 175 GeV/c? sample are performed yielding an uncertainty due to the finite resolution of
the muon of:

AMPHIEls — 418 GeV/c2. (8.12)
Background Probability Cut The cut on the background probability, previously shown to
be stable with respect to the mass and the systematic uncertainty, is varied in the data set. The
maximal difference between the minima is quoted as a systematic uncertainty. As expected, a
stronger cut on the background probability increases the signal significance.

AMEHeS = 420  GeV/c?,
AMIERIES  — 490 GeV/c?. (8.13)

acc
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Trigger Turn On Because the parameterization of the trigger turn on curves is also afflicted
with uncertainties, it is also a source of systematic uncertainties. Varying the L3 turn on curves
for jets by 1 o results in an uncertainty of:

AMEH  — 405  GeV/c?,

acc

AMEHIES = 405 GeV/c (8.14)

Calibration error due to TuneA bug The mass calibration curves are obtained for the
W + 4 jets Monte Carlo generated with lower parton level cuts and including soft underlying
events. In tests it could be shown that the slope and offset of these curves is the same, when
the sample with the tuneA bug is used. Therefore it can be concluded that, in case of the
background, the method is not sensitive to this bug. And no systematic uncertainty is quoted.

Summary and Combination

Table (8) summarizes the systematic uncertainties in both, the e + jets and the y + jets chan-
nel. Since the errors are assumed to be not correlated they are added in quadrature.

Uncertainty e+ jets [GeV/c’] | u+ jets [GeV/c?]
Calibration procedure +3.5 +3.5
Likelihood fit procedure +0.5 £0.5
Jet energy scale +9.0 +9.0
Jet energy resolution ﬂ:g :51,,:8
Purity of the sample (¢; variation) +0.5 +0.5
Signal model +2.2 +2.2
Background model +2.0 +2.0
Multi parton interactions +1.0 +2.0
Transfer functions +1.0 +1.0
Acceptance corrections +0.1 +0.1
Muon resolution - +1.8
Background probability cut +2.0 +2.0
Trigger turn on +0.5 +0.5
Total systematic uncertainty ﬂg:g ﬂ?{

Table 8.1.: Summary of the systematic uncertainties in the e + jets and y + jets channel.
The total systematic uncertainties are found to be:

e+jets _  +10.5 2
AMg; = Tiop GeV/co,

AMEHT = 1107 GeV/c?. (8.15)

The following figures show examples of the mass distributions which are used to estimate the
systematic uncertainties.
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Figure 8.1.: Variation of the jet energy resolution in the u + jets channel.
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Figure 8.3.: Left: Mass distribution for ensembles with and without soft underlying events in
the ¢t and W + 4 jets samples. Right: Mass distribution with and without Monte Carlo muon.
This is done in order to test the sensitivity to a systematic error due to the muon resolution.
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Reweighting and shifting the W + 4 jets contribution.

Because the background probability distribution in data is not perfectly described by the Monte
Carlo two further cross checks have been done. Assuming that the discrepancy is caused by the
W + 4 jets contribution (which dominates the sample) the W + 4 jets events are reweighted
by a factor obtained from a bin-by-bin comparison of the distribution. The ensemble tests are
redone for the weighted sample and led to only small shifts (~ +0.5 GeV /c?) in the distribution
of measured masses and is accounted for in the error on the background probability.

Additionally, the W + 4 jets Monte Carlo distribution was shifted towards higher values of
background probability in order to test the assumption that the entire discrepancy originates
from mismodeling of the W + 4 jets events. The distribution was fitted to the data and a x? as
function of the shift is minimized yielding

Alnppl7 = 0.44,

Alnpl7e® = 0.30.

Figure (8.4) shows a comparison between data and the shifted distributions for the y + jets
channel. Tt should be mentioned that only the W + 4 jets contribution is shifted, QCD and tt
are not shifted.

The ensemble tests are redone for the shift values minimizing the x? and yield no significant
difference. Figure (8.5) shows the distribution of measured masses for the ensemble tests with
reweighted and shifted W + 4 jets contributions.
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Figure 8.4.: Comparison between data and Monte Carlo for the background probability in the
u+ jets channel. The W + 4 jets contribution is shifted and fitted to the data. The plot on
the lower right shows the x? as function of the shift value.
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Figure 8.5.: Left: Mass distribution for the ensemble tests with weighted W + 4 jets con-
tribution in the y + jets channel. The difference is accounted for in the uncertainty for the
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9. Conclusion and Outlook

The following sections conclude and summarize the analysis presented. Plans for further im-
provements of the method itself and the analysis are presented.

9.1. Final Result

A method to measure the top quark mass with great statistical power has been introduced.
It is based on the theoretical knowledge of the processes involved and makes maximal use of
the kinematic properties as well as the resolution of the detector. Due to the assumption of
the Standard Model production and decay processes the statistical error decreases compared to
alternative approaches [32]. The application on the mass measurement was already shown in
the Run I of the Tevatron and with the present analysis it is established in the Run II. With the
current data set of roughly 150 pb~! it yields a top quark mass in the lepton + jets channel of

Miop = 174.1fg:91) (stat.) ﬂg:g (syst.) GeV/cQ. (9.1)

Figure (9.1) shows a comparison of the results obtained during the Run I of the Tevatron
and this analysis.

Top Quark Mass (Run I)

2
Measurement . My [GEVIC ]
CDF di-lepton ° : 167.4 + 11.4 GeV/c *
DO di-lepton ° 168.4 + 12.8 GeV/c 2
CDF | + Jets o 176.1+ 7.3 GeVic”
DO | + Jets — o 180.1 + 5.3 GeV/c
CDF all Jets —o 186.0 + 11.5 GeVi/c °
TEVATRON Run | - 178.0 + 4.3 GeVic ?
This Analysis —'—r—‘——— 174.1 + 12.0 GeV/c 2
~ I T To 10 190 200
m, [GeVic?]

top

Figure 9.1.: Comparison of the results obtained during the Run I of the Tevatron and this
analysis.
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9.2. Outlook: Plans, Improvements and Comparison to Run I

The measurement of the top quark mass is presented using the Matrix Element Method. Since
the introduced approach is statistically very powerful the systematic uncertainties are the domi-
nant contribution to the error on the mass. In the following, approaches for further improvement
are briefly discussed. Subsequently, a comparison to the Run I analysis is presented.

Method Specific Improvements

Several method specific modifications could lead to an improvement of the mass measurement.
These include

e b-tagging: Algorithms to indentify b-jets are already used in various analyses, for exam-
ple [38, 39]. These could be used for two purposes. One is to further suppress background
events in the preselected data sample, since the fraction of b-jets in W + 4 jets and QCD
events is rather small. Second, the possible jet-parton combinations can be decreased
or weighted according to a b-jet probability. This would reduce the combinatorial back-
ground. Technically, these features are already implemented in the code of this analysis,
but have to be studied in more detail.

e As can be seen in the next chapter, track jet information can be used in order to further
increase the statistics and also improve the quality of jets.

e The matrix element (and PDFs accordingly) are calculated in leading order and do there-
fore not include virtual loop corrections or 5 jet contributions. Including these into the
analysis would improve the modelling of the signal and background.

e Intensive studies of the transfer functions can be found in [26]. It can be shown that
the transfer functions for quarks are significantly different from gluon transfer functions
(as needed in the W + 4 jets case). The latter could be used for the calculation of the
background probability.

e As mentioned in the analysis, the muon energy resolution is not perfectly described by
a delta-function as assumed by the method. An additional integration (including a set
of muon-transfer fuctions) does improve the mass resolution as can be seen in the Run I
analysis [32].

e In this study, the missing energy measured by the detector is not used in the calculation of
momenta. The transverse momentum of the neutrino is therefore derived from momentum
balance. Including the measured quantity might complete the information content in such
a way that the whole available kinematic information is used. If this improves the precision
or increases the dependence on systematic uncertainties needs to be studied.

e Since the Matrix Element Method so far does only account for ¢ and W + 4 jets proba-
bilities, additional terms for QCD and noise jets could slighty improve the measurement.
In the moment, these effects are averaged out but can be studied further.
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General Improvements

Due to the large systematic uncertainties several issues of interest for many analyses should be
addressed. These are:

e The jet energy scale is the most dominant source of systematic uncertainties. A further
confinement of its error would not only improve the mass measurement but is also im-
portant for analyses which rely on the quality of jets. One way to improve this quantity
could be to derive a flavor dependent jet energy scale. Studies addressing this issue are in
progress.

e The modelling of the data with Monte Carlo events (especially the W + 4 jets background)
is the second largest uncertainty in the analysis. As a data to Monte Carlo comparison
shows (Appendix E, in more detail see [26]), further improvement is needed.

Comparison to the Run I Analysis

The Matrix Element Method has been introduced in the Run I of the Tevatron. With the present
analysis it has been established in the Run II following the Run I analysis. A few changes have
been made. These are

e The matrix element used in the present analysis does include contributions from qq — tt
and gg — tt. Also, the spin-correlations between top and antitop are taken into account.
Previously, these were not accounted for.

e Technically, the integration over the 5 remaining degrees of freedom is performed with
different variables than in Run I. Details on the numerical techniques can be found in
Appendix B.

e The possibilty of b-tagging is implemented in the framework of the analysis as well as the
chance of measurering the hadronic W-mass instead of or in addition to the top mass.

e For the time being, the energy resolution for muon and electron are treated as perfect
(delta-functions). From additional muon studies it is known that the former resolution
is not adequatly described by delta-functions, as assumed here. In the Run I analysis an
additional integration over the muon energy was carried out.

e As shown in Section (5.1) the transfer functions used in this analysis are broader than the
ones used in the previous analysis. This is due to the calorimeter resolution in Run II, a
result of the new tracker and the solenoid coil, and increases the statistical uncertainty on
the mass measurement.
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10. Further Improvements: A Jet Study

For the measurement of the top quark mass, not only a good jet reconstruction efficiency is
needed, but also a good quality of the jets is required. For that purpose a Monte Carlo study
of the ¢t samples is done in the reconstruction version p13. It adresses the question if tracking
information can be used in order to increase the qualitity and efficiency of jets, and therefore
the purity of the sample. For this study the e + jets channel was studied exclusively since it
is expected that the u + jets channel behaves in an analog way because only properties of jets
are studied.

As a first approach the samples are studied with respect to jet multiplicity and jet-parton
matching. Since only the qualitativ behavior is of interest here, an event selection following the
Run I analysis is applied:

e 1 tight electron with pr > 20 GeV and |nget| < 2.0,
e Missing Er > 20 GeV,
e Jets with pr > 15 GeV and |nge| < 2.5.

In order to describe the quality of events (with respect to the jet study), two variables are
defined:

f ith n j
e(n) = number of events wit nJets’ (10.1)

number of events

p(mn) = number of events with m matched jets’ (10.2)

number of events with n jets

where €(n) is referred to as efficiency and p(m,n) as purity. A criterion of AR < 0.3 is used
to match jets to partons. The jet multiplicity distribution in the ¢Z sample is shown on the left
hand side of Figure (10.1). Only a fraction of about 35% of the events do have 4 jets as required
by the Matrix Element Method, i.e. €(4) = 0.35. The purity in the 4** jet multiplicity bin of
the sample can be derived from the right hand side of Figure (10.1). Here, the distribution of
matched jets in that particular bin is shown. The purity p(4,4) = 0.55. These numbers are used
as references in the following study.

10.1. Jet Merging Algorithm

In order to increase the efficiency and purity of the sample, additional tracking information is
used. The main idea is the merging of calorimeter jets and track jets. This approach is motivated
by initial and final state radiation which is emitted softly and collinearly to the jet direction.
Therefore track jets close to the calorimeter jet under study are added to the latter. Also, by
repeatingly applying this algorithm until a total of 4 jets is obtained, the number of events in
the 4" jet multiplicity bin will increase and with it the efficiency.
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Figure 10.1.: Left: Jet multiplicity in the p13 ¢ Monte Carlo sample. Right: Distribution of
matched jets in the 4" jet multiplicity bin.

Before the algorithm is applied, two steps have to be taken. First, track jets are removed
that originate from an electron. These jets are found within a certain region around the electron
and therefore cut out with the following criteria:

AR(e,jet) < 0.3,
ApT/pT < 0.5.

As a second step, track jets are removed that overlap with calorimeter jets in order to avoid
“double counting” of energy. This is accomplished by demanding a certain distance between
both jets:

AR(cal. jet, trk. jet) < 0.3. (10.3)

The Merging Algorithm

The algorithm used for the merging of calorimeter and track jets works as follows: first, the
distance in the  — ¢ plane is calculated between all (calorimeter and track) jets. Based on
these numbers, the jet pair with the smallest distance is merged by adding up the 4-momenta.
The distances are recomputed and the whole merging procedure repeated until the number of
jets equals 4. It should be mentioned that two calorimeter jets are never merged because this
is already done during the reconstruction process. Only merging between different types of jets
or between track jets is allowed here. Additionally, the AR criterion for jet-parton matching is
increased by 0.1 per track jet merged. This accounts for the fact that FSR broadens the jet.

Figure (10.2) shows event diplays in the n — ¢-plane as an example for the merging algo-
rithm. The markers indicate the quarks and the leptons (for each flavor separately), the circles
represent the calorimeter (red/grey) and track (black) jets. The event shown in the top display
of Figure (10.2) would not pass the event selection introduced for the Matrix Element Method
since only 3 calorimeter jets are present before the merging process. After the algorithm is
applied, a total of 4 jets is found. In this case all jets are matched to partons as can be seen in
the bottom display.
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Figure 10.2.: Top: Event display of an event with only 3 calorimeter jets (black circles). The
event would not have passed the selection criteria for the mass analysis. Bottom: The same
event as in the top figure, but after the merging algorithm is applied. In total 4 jets remain
which are now matched to partons (full circles and squares). The radius of the black circles
corresponds to the matching criterion.
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Efficiency and Purity

The jet merging algorithm is applied to the entire sample. Table (10.1) summarizes the efficiency
and purity obtained and compares the sample with and without merging algorithm applied. In
the latter case only events with 4 calorimeter jets are taken into account, so no values for the
3-calorimter-jet efficiency and purity are quoted.

Two conclusions can be drawn from the comparison: first, the efficiency of events with
4 calorimeter jets increases by (absolute) 2%, from 35% to 37%, when applying the merging
algorithm. Second, the purity of 4-jet events, i.e. the number of events with 4 calorimeter jets
with all jets matched to partons, increases by (absolute) 2%, from 55% to 57%. Even though
the effect is not very large, the merging algorithm can improve the selection in such a way that
the number of events is increased together with the quality of the jets.

The number of selected events can additionally be increased if events with 1 track jet and 3
calorimeter jets are included. From Table (10.1) it can be seen that (absolute) 33% of the events
in the sample show this configuration. It should be mentioned that the purity of this class of
events is only 25% compared to the 57% purity for events with 4 calorimeter jets. In total, the
number of selected events is almost doubled.

€(3) | €(4) | p(4, 3) | p(4, 4)
without merging - 0.35 - 0.55
with merging | 0.33 | 0.37 0.25 0.57

Table 10.1.: Efficiency and purity before and after the merging algorithm is applied to the
sample. Before the algorithm is applied only events with 4 calorimeter jets are selected, so no
values for ¢(3) and p(4, 3) are quoted. Both, the number and the quality of events (in terms
of jet parton assignment) increase with the jet merging algorithm for events with 4 calorimeter
jets. If events with 1 track jet and 3 calorimter jets are allowed, the number of selected events
almost doubles, althought the purity of this class of events is only 25%.

As a next step the resolution gained with the additional class of events is studied.

10.2. Resolution

Since the energy resolution of jets is important for the measurement of the top quark mass, the
resolution is studied after the jet merging algorithm is applied. Figure (10.3) shows the energy
resolution for calorimeter and track jets separately for light and b jets. For the calorimeter jets
the distributions are gaussian with non-gaussian tails. This is expected from the experience
with the transfer functions. In case of track jets, large tails on the negative side are observed.
These can be explained by the fact that only charged particles are observed in the tracker, and
therefore the jet energy is underestimated.

An energy correction factor € can be applied to the track jets. In order to derive this factor
from Monte Carlo, track jets are matched to calorimeter jets (these track jets were previously
removed) and the ratio of energies is calculated, i.e. € = E.q/Ey. Figure (10.4) shows the
distribution of ratios. As can be seen it has a mean of 2.6 and large non-gaussian tail to larger
fractions . Since on average about 30% neutral particles are contained in a jet, a factor of € &= 1.5
is expected which corresponds to the maximum of the distribution.

As a next step, correlations between the correction factor and pr, 7, ¢ and the track jet
energy are studied. The latter one is shown in Figure (10.5). On the left the 2-dimensional
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Figure 10.3.: Energy resolution for track (top) and calorimeter jets (bottom). Both are
plotted separately for light (left) and b jets (right). Large tails on the negative side for track
jets are due to neutral particles within the jet.
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Figure 10.4.: Distribution of energy fractions of calorimeter and track jets. The mean of the
distribution is 2.6, the maximum is found at a fraction of ~ 1.5, which is expected from the
approximately 30% neutral particles in a jet.

correlation is plotted, on the right the means (and corresponding errors) for slices of the track
jet energies is shown and fitted with a function of the form:

6(Et1'k) =Do- epl'Etrk + p2 - By + ps3. (104)

Additionally, a further identification of final state radiation is studied. Figure (10.6) shows the
distribution of distances between merged calorimeter and track jets weighted by the energy of
track jets. The cone size for calorimeter jets in the D@ reconstruction is AR = 0.5, and as can
be seen in the plot, a local maximum for values around 0.7 is found. As can be concluded from
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Figure 10.5.: Left: 2-dimensional histogram of € vs. the energy of the track jets. Right: The
means of slices from the 2-dimensional plot as a function of the track jet energy. The errors
correspond to the errors on the means. A functional form given by Equation (10.4) is fitted.

the 2-dimensional histogram on the right hand side of Figure (10.6), an additional cut can be
used to further identify final state radiation:

AR < 1.0,
By < 15 GeV. (10.5)
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Figure 10.6.: Left: Distance between merged jets weighted by the energy of the track jet.
Right: AR vs. the energy of the merged track jet.

In the following, several scenarios in terms of energy correction are studied with respect to
the mass resolution. These are:

1. No energy correction (e = 1).

2. The mean value of the energy ratio distribution (e = 2.6).

3. The track jet energy dependent e parameterized by Equation (10.4).
4. The asymptotic value of the fit (¢ = 1.85).

5. The energy dependence including a cut for final state radiation.
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6. The old event selection, i.e. no merging algorithm applied. Only events with 4 calorimeter
jets are selected.

An example for the mass resolution is found in the Figures (10.7) and (10.8). The first
shows the mass resolution if no energy correction is applied to the track jets. Non-gaussian tails
are observed here. This is expected from the energy resolution plotted in Figure (10.3). The
latter figure shows the mass resolution after the cut on final state radiation.

Table (10.2) summarizes the results for the different approaches. The numbers quoted are
the means and RMS of the distributions and the width of the central gaussian applying a double-
gaussian fit to the distributions. As in case of the transfer functions, this is done in order to
account for the non-gaussian tails.

Several conclusions can be drawn from the table: for events with 1 track jet and 3 calorimeter
jets, the mass resolution for the hadronic W and top improve with the application of an energy
correction factor (from a sigma of 0.24 to values between 0.15 to 0.17 in case of the hadronic W
mass, and from 0.18 to values between 0.14 to 0.16 for the hadronic top mass). Also, the means
of the distributions converge towards 0 GeV/c? as is expected since the energy correction factor
is applied to account for the neutral particles (and the underestimation of energy).

For events with 4 calorimeter jets the effects on the distributions are rather small. The
widths of the central gaussians only vary by (absolute) 1%, the means only by (absolute) 5%.
This is due to the fact that the track jets only indirectly effect the distributions since they are
merged into the calorimeter jets.
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Figure 10.7.: Resolution of the hadronic W (left) and top (right) masses using the correct
jet-parton assignment without applying energy corrections to the track jets (scenario 1). This
is done for events with 3 (top) and 4 (bottom) calorimeter jets. The distributions have non-
gaussian tails and are fitted with double-gaussian functions.

99



1U. rarcach 1nproveiiciits. A Jet otudy

Cal. jets | Track jets | Resolution e=1 €e=2.6 € = €(Etrk)
3 1 meanyy -0.15 0.09 0.12
3 1 RM Sy 0.26 0.25 0.25
3 1 ow 0.24 0.17 0.17
3 1 Mean oy -0.13 0.06 0.07
3 1 RM Siop 0.16 0.21 0.19
3 1 Otop 0.18 0.15 0.14
4 0 meanyy 0.04 0.07 0.09
4 0 RM Sy 0.17 0.20 0.22
4 0 stgmayy 0.12 0.13 0.12
4 0 Meaniop -0.01 0.03 0.06
4 0 RM Siop 0.14 0.17 0.19
4 0 Otop 0.12 0.12 0.12
Cal. jets | Track jets | Resolution | ¢ = 1.85 | ¢ = epsr(Etrk) | no merging
3 1 meanyy -0.01 0.05 -

3 1 RM Sy 0.24 0.22 -

3 1 ow 0.15 0.16 -

3 1 Meanop -0.02 0.00 -

3 1 RM Siop 0.19 0.16 -

3 1 Ctop 0.16 0.14 -

4 0 meanyy 0.06 -0.01 -0.02
4 0 RM Sy 0.19 0.13 0.13
4 0 sigmaywy 0.12 0.12 0.12
4 0 Meanop 0.02 -0.05 -0.05
4 0 RM Siop 0.16 0.11 0.11
4 0 Otop 0.12 0.11 0.11

Table 10.2.: Resolution parameters for W and top mass obtained from the study described in
the text. Due to the applied energy correction the resolution (in terms of width and mean of
the distributions) improves for events with 1 track jet and 3 calorimeter jets. For events with 4
calorimeter jets the resolution is only slightly effected.

10.3. Conclusion

From the studies presented here it can be concluded that the introduction of a merging algorithm
for track jets does improve the effiency, i.e. the number of selected events is almost doubled (from
35% to 70% of the number of events in the sample) if events with 1 track jet and 3 calorimeter
jets are taken into account. Nevertheless, the purity of the additional sample, p(4,;3) = 0.25, is
less than that of the sample used in the previous analysis p(4,;4) = 0.55. The mass resolution in
the 4 calorimeter jet case does not change and is 12% for the hadronic W mass and 11% for the
hadronic top mass. In the sample with 3 calorimeter and one track jet the resolution is derived
correcting for the neutral particles not observed by the detector, yielding 16% for the hadronic
W mass and 14% for the hadronic top mass.

For the mass analysis with the Matrix Element Method this study could be used for two
purposes:
First, the additional sample might behave differently in terms of systematic variations. This is
due to the fact that calorimeter and tracker measure quantities independently. By using tracking
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Figure 10.8.: Same as in Figure (10.7) but after applying energy dependent corrections to the
track jets and further cutting for final state radiation (scenario 5).

information, the influence on the jet energy scale might be reduced because the energy is not
only measured in the calorimeter. The main source of systematic uncertainty might therefore
be decreased with this approach. This has to be studied in more detail. Second, the available
statistics can be increased. Because the dominating uncertainty does not come from limited
statistics, this effect is rather small. The fact that the purity of the additional events is lower
has to be studied in more details since the method is sensitive to ISR/FSR mismatched jets. The
worse resolution, however, can be described by transfer functions for track jets. These should
be derived in analogy to the ones described in Chapter 6.
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A. Phase Space Calculations

As described in Section (5.2.2) the transformation of integration variables implies a Jacobian
determinant. This transformation factor is derived in the following.

The phase space in Equation (4.2) is a function of the 3-momenta of the final state particles.
Energy- and momentum-conservation together with the measurement of jets and leptons reduce
the number of integrations to be performed. The set of variables for this integration are the
jet momenta (p1,...,p4) and the longitudinal momentum of the neutrino (p?). In terms of
numerical integration, an alternative choice of variables is more appropriate: the invariant mass
of the hadronic and leptonic top quark (m?,,, m?,,), the mass of the hadronic W boson (m?,),
the absolute value of the up-type light jets (p1) and the longitudinal momentum of the neutrino
(p¥). Both sets are linked via the following equations, where the indices 1 and 2 refer to the
light jets, 3 and 4 to the hadronic and leptonic jets, respectively:

pLo= E? —m?~F (A1)
m%Q = (p1 +p2)2
= mi+my+2- BBy — 2 |pi||p3| cos b,
~ 2-E1Ey-(1—cosbi) (A.2)
miy = (p1+p2+ps)

= m% + m% + m%
+2- E1Ey — 2 - |pi||p3]| cos 012
+2 - E9Fs — 2 - |p3||p3]| cos O3
+2 - E1E3 — 2 - |pi]||p3| cos 613
2-FE1Ey - (1 —cosb9)
+2- FyFE3- (1 — 25 cos B23)
E;3

1R

+2-F1E3-(1— % cos 013) +m3 (A.3)
3

mi,y = (py+pi+pa)?
~ 2-EFE,(1--cosb,)

+2-E,E4(1 — % cosB,4)
4

+2. BEy(1 - g—i cos 014) + m2 (A.4)

where the light partons are assumed to be massless.

In order to calculate the Jacobian, all derivations of the new set with respect to the old set
have to be calculated. Since most of these terms vanish, the terms not equal to zero are stated
explicitly:
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891)
it = 1, A5
(3P1 o
2
<am12) - 9. E1(1 — cos 912)’ (A.G)
Op2
2
am123 = 2. (EQ& — F5cosfys + Elﬁ — Fq cos 013), (A'7)
ops3 E3 Es
om?
(ﬁ) = 2. (E,,g—?; — FE,cosf,3+ Elg—z — Ejcosb3). (A.8)

The Jacobian for the transformation is simply the product of reciprocals of the derivatives stated
above in Equations (A.5) to (A.8):

1 1
2. E1(1 — cosb2) 9. (Eg%—z — E5cos o3 + E1§_33 — F cosfi3)
1
2. (E,,}Q'iﬁ—f3 — E, cosf,3 +El§—z — Ejcost3)’

J=

= =

(A.9)
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B. Integration Techniques

The following section describes the numerical techniques of integration for the calculation of
signal and background probabilities as used in Chapter 5. Both are a compromise between
speed and accuracy due to the CPU-time limitation.

Integration Technique in Case of Signal Probability

In case of the signal probability, the integral in Equation (5.8) over the p; — pZ-plane is per-
formed numerically. Because the evaluation of the kinematic equations and the matrix element
are rather slow, a fast integration technique had to be implemented. Several routines from
CERNLIB [31] (adaptive and gaussian multidimensional integrations) are tested but found to
be insufficient for the given purpose. Instead, a simple 2-dimensional Simpson algorithm is
used. In principle, the adaptive and gaussian methods are faster given the same accuracy, but
as is explained in the following, only certain regions of large probability density are taken into
account. For the CERNLIB routines, this was not possible to implement. The main idea is
to divide the p; — pZ-plane into squares of appropriate size and add all contributions. Each
“yolume element” is calculated by interpolating the borders of the square by a straight line and
integrating analytically over the square. This can be seen in Figure (B.2). After the 4 border
points are calculated the function over which the integration is performed is parameterized the
following way:

fle,y) =a-z+b-y+c-zy+d. (B.1)

The parameters a to d are derived from a system of linear equations fed with the values at the
4 border points. The volume is now the integral over that function:

1 1
B I TN 2l 99 (1,1)
V—/O dav/o dy = Ea-xyib-wy Zc-wyd-xyko,o)
1 1 1
= gatgb+getd (B.2)

First, the limits of integration are estimated. This is done by estimating the minimum and
maximum value for each variable. Figure (B.1) shows the distributions of p; and p? for a given
Monte Carlo sample. From these plots the limits are defined to be

p1 € (0. GeV,350. GeV),
pS € (—300. GeV,300. GeV).

In order to save additional CPU time the area of integration is further confined to regions of
larger probabilities. The algorithm used for that purpose works as follows: for all 24 possible
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Figure B.1.: Left: Distribution of the absolute value of the momentum for light jets. Right:
Distribution of the longitudinal momentum of the neutrino. Both distributions are made from
tt samples at a top quark polemass of 175 GeV/c?.

jet parton combinations, the p; — p?-plane is scanned in 5 GeV steps and the global maximum
M; (i=1, ..., 24) is estimated. From the set of maxima the largest value is referred to as
global maximum Mg;.pq = max {M;}.

First, jet parton combinations with lower probability are neglected in the further calculation
of the integral. This is done by demanding the global maximium of the particular combination
j to satisfy the following relation:

Mj > € Mplanesa (B3)

where € is a small parameter between 0 and 1, which sets the accuracy.

Second, for the remaining jet parton combinations a finer grid (1 GeV) is used to calculate
the integrand at each point. This is not done for the entire p; — pZ-plane, but only for those
regions in which the probability density from the rough 5 GeV scan is larger than a limit defined
by the following equation:

p(p1,p)) > €- M; (B.4)

where again M; is the global maximum of combination ¢ and € is the same parameter as in
equation (B.3). Using this constraint, only regions of larger probability density are taken into
account.

After the grid is calculated, squares with a size of 1 x 1 GeV? are built. For each square
the 4 border points are calculated and the borders are interpolated by a straight line. With
this approximation the integral over the square is calculated analytically. All volume elements
are then added up. Figure (B.2) visualizes the principle. Figure (B.3) shows two examples of
the integrand as a function of p; and p? for a single event. On the left hand side only the
correct jet-parton-combination is taken into account, whereas on the right hand side all possible
combinations passing the criterion in Equation (B.3) are superimposed. The parabolic shape
follows from the ambiguity of the longitudinal neutrino momentum.

The technique described is used to find a compromise between accuracy and CPU time. In
order to verify that the accuracy is sufficient, the parameter ¢ in Equation (B.3) is varied and
the integral calculated. Figure (B.4) shows the accuracy as a function of €. For the analysis
€ = 107° is chosen.
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Figure B.2.: For each unity square in p; — p? the borders are interpolated with straight lines.
The integral over that region is calculated analytically.

prob. density
prob. density

20 40 60 40 60

p; [GeV] pZ[GeV]

Figure B.3.: Integrand for a single event as function of p; and pZ. For the integration, only
regions are taken into account that have a large probability density. Left: Only the correct jet
parton assignment in taken in account. The parabola due to the ambiguity of the longitudinal
neutrino momentum can be seen. Right: All combinations that satisfy Equation (B.3) are
added up.

Integration Technique in Case of Background Probability

In case of the backgroud probability the integration is also performed numerically but following
a different ansatz. Because the variables of integration are not transformed, they are chosen to
be the jet energies' and the longitudinal momentum of the neutrino. The technique used for
integration is a simple Monte Carlo approach.

From Equation (4.9) it follows that the integral has the following form:

I(z) = / dy f(y) W(z,y), (B.5)

where f(y) contains the matrix element, flux factor and parton distribution functions. Wz, y)
are the transfer functions for the energies of the jets .

For each parton energy the transfer functions are interpreted as probability densities, so the
integral I(z) is the expectation value for f(y). By sampling over the 4-dimensional space of jet
energies, the expectation value can be approximated by the average value:

!Since only light flavored partons are assumed, p; = |p}| = E;.
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Figure B.4.: Accuracy of the numerical integration for the signal probability as a function of .
For the analysis € = 1079 is chosen.

N
1) = [ dy £0) Wia,) > 5 3 1w) (8.6

The N points are selected using random numbers distributed according to the transfer func-
tions. Of course each jet-parton assignment makes it necessary to use different sets of transfer
functions. For each sampled point the integration over p? is performed using a gaussian method
(CERNLIB). The sampling is repeated until a certain accuracy is obtained. It is found that for
an accuracy of about 10% it is appropriate to use 100 sampling points. Figure (B.5) shows two
examples for the accuracy of the integration as a function of the number of evaluations. This
procedure is repeated for all 24 possible jet combinations and the average value is used for the
probability.
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probability. In this case two W 4+ 4 jets events are shown. On the x-axis the number of points
is plotted. The sampling is repeated until a certain accuracy is obtained.
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C. Kinematic Solver

The matrix element and phase space factors are functions of the 4-momenta of the final-state
particles. Since the variables of integration are transformed into a new set of variables and
because the neutrino pr is not measured but obtained from momentum balance, the kinematic
Equations (A.1) to (A.3) have to be solved.

Before calculating the energies of the partons additional corrections are applied to the mea-
sured jet energies. The parton level corrections described in Chapter 6 depend on the flavor, the
energy and the 1 region of the jet and are applied first. Then, the n dependent jet energy scale
corrections are multiplied to the measured jet energy. For each jet parton combination these
factors are recalculated and applied under the assumptions of a certain parton flavor of the jet.

Next, the hadronic branch of the tt-system is calculated. This is done by transforming
Equations (A.1) - (A.3) gradually back to the parton energies, starting with p;. The solutions
of the equations are non-ambiguous.

However, for the leptonic branch a system of equations has to be solved. This is due to the
fact that the transverse momentum of the neutrino depends on the parton energies. It follows
that, once the hadronic branch is fixed, the momenta of the b quark from the leptonic branch
and the neutrino are coupled. The following set of equations reflects this fact, assuming that
the transverse momentum of the ¢f-system vanishes:

T __ T xr T
pV—pthud_a.nblep_pl’

Py =P,y — 0 Ty, P (C.1)

where a = |;5'blep| and 7ip,  is the unity vector in the direction of the leptonic b quark. pi,,,
refers to the hadronic top quark which was calculated previously. With Equations (C.1) as a
constraint Equation (A.4) contains only one unknown, i.e. a. In order to solve for a a function
F' is defined as follows:

F(a) = —mpy, + (pa(a) + pi + pru(a)). (C.2)

The roots of F(a) solve Equation (A.4). They are calculated numerically using Newton’s
method. Figure (C.1) shows the number of solutions for a sample of events and the value of the
obtained solutions vs. the true value of a.
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Figure C.1.: Left: Number of solutions for a whole sample of events. As can be seen from
there, mostly one solution is found. Right: Value of a obtained with the method explained in
the text vs. the true value of a. In most of the cases the correct solution is found.
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D. Data and Monte Carlo Samples

Sample Reco. | top_analyze | Number Comments
Version Version of Events

ME-Method

tt — 1+ jets pl4 Nefertiti 600 mass 150 GeV/c?, no MPI

tt — 1+ jets pld Nefertiti 300 mass 160 GeV/c?, no MPI

tt — 1 + jets pl4 Nefertiti 300 mass 170 GeV/c?, no MPI

tt — 1+ jets pl4 Nefertiti 1000 mass 175 GeV/c?, no MPI

tt — 1 + jets pl4 Nefertiti 300 mass 175 GeV/c?, MPI

tt — | + jets pld Nefertiti 300 mass 180 GeV/c?, no MPI

tt — 1 + jets pl4 Nefertiti 300 mass 190 GeV/c?, no MPT

tt — | + jets pld Nefertiti 600 mass 200 GeV/c?, no MPI

W + 4 jets pld Nefertiti 1000 no MPI

W +4 jets pl4 Nefertiti 1000 MPI

W + 4 jets pld Nefertiti 1000 MPI, low parton level cuts

Data Sets

Moriond Data Set pl4 Nefertiti see [37] for details

Jet Studies

tt — e+ jets pl3 v00-02-24 5000 mass 175 GeV/c?

Table D.1.: Monte Carlo and data samples used in this analysis.
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E. Data to Monte Carlo Comparison

In the following the primary measured kinematic quantities of the data sample introduced are
compared to Monte Carlo and QCD events as used in the ensemble tests. As can be seen
the selected events are reasonably well described with the previously derived mixture of ¢¢ and
background events (see Chapter (7.3). Also, no accumulation of events in any tail or other
suspicious parts of distributions are observed. Therefore, the indication for the presence of a
significant number of ¢t events is given. The plots are taken from [26], where a more thourough
data to Monte Carlo comparison is given.

It should be mentioned that the two events that cause a jump in the likelihood curve tend
to have high values in some of the distributions below. Table (7.7) summarizes the kinematic
quantities of those events.

Number of Events
Number of Events

Number of Events

20 40 60 80 100 120 140 160 180 200
EM p; [GeV/c]

Figure E.1.: Data to Monte Carlo comparison for signal plus background of the selected event
sample in the primary measured kinematic quantities in the e + jets channel.
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Figure E.2.: Data to Monte Carlo comparison for signal plus background of the selected event
sample in the primary measured kinematic quantities in the e + jets channel.
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the event shape. The latter four are used in the cross section analyses [1].
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